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Abstract 
In this dissertation, we find that Staphylococcal biofilm microstructure is highly 
dependent on growth environment.  Biofilms consist of structured communities of cells 
encapsulated in matrix materials, and are frequently responsible for clinical infections.  We 
found that Staphylococcus epidermidis biofilm microstructure is heterogeneous in both 
unstressed and stressed (NaCl and sub-lethal vancomycin) conditions.  Unstressed biofilms 
contained high-, medium-, and low-density phenotypes, and stressed biofilms had medium- and 
low-density phenotypes.  High-density biofilms contained densely packed, disordered structures, 
while low-density biofilms contained open, porous structures.   
We used our understanding of microstructure to create bacterial-chitosan constructs with 
high- and low-density phenotypes and creep compliances matching natural biofilms through self-
assembly of cells and chitosan at pH > 7.  The phase instability of chitosan controlled the 
mechanical behavior of these constructs.  We compared the phase instability of chitosan to that 
of S. epidermidis biofilm matrix materials.  Chitosan was unstable at pH > 7, while matrix 
materials were unstable at pH < 7.  We increased the pH of a S. epidermidis biofilm and found 
that the biofilm softened at pH > 7.  S. aureus biofilms also softened at pH > 7.   
  xvi 
We extended our work on biofilm structure by investigating structure of multispecies 
biofilms of S. aureus and S. epidermidis.  In multispecies biofilms, S. aureus is the dominant 
species in unstressed conditions (pH 7, 37°C), at high pH (8, 9) and at high temperature (45°C).  
S. epidermidis is the dominant species when multispecies biofilms are grown at low pH (5) and 
in 1.0 µg/mL vancomycin. We also investigated a label-free method for imaging S. epidermidis 
biofilm microstructure.  We found that cellular microstructure was revealed using confocal 
Raman microscopy when samples were thin.     
Overall, our understanding of biofilm microstructure aids in understanding their 
mechanical properties and provides ground for development of biofilm control strategies or 
theoretical models of biofilms.  In addition to this fundamental understanding of biofilm 
microstructure, we investigated interdisciplinary learning in a graduate elective course on 
biofilms.  We found that student self-perception of interdisciplinary learning outcomes related to 
recognizing disciplinary perspectives and teamwork skills, and interdisciplinary fluency 
increased over the course of the semester.
  1 
Chapter 1   
      Introduction 
Bacterial biofilms are multicellular, surface-adherent, structured communities of cells 
encapsulated in matrix materials consisting of polysaccharides, proteins and DNA1,2.  In 
naturally occurring environments, microbial life is commonly found in these surface-adherent 
structured communities of cells 2.  When biofilms form on a surface, the bacteria typically 
undergo a lifecycle with four steps: adhesion of the bacteria to the surface, accumulation of the 
bacteria and matrix components on the surface, maturation of the biofilm into a structured 
community, and, finally, the disassembly and dispersal of the bacteria from the biofilm 3.   
Biofilms are prevalent in a variety of environments 2,4.  They form in riverbeds and 
streams 2 as well as in soil 5.  Industrially relevant biofilms can be problematic for operations and 
are frequently found within fouled pipelines 6, water distribution systems 7, and on the hulls of 
ships 8.  Within wastewater treatment systems, biofilms are beneficial and used to digest waste 
products 9.   
Of particular interest is the prevalence of biofilms that live on or in the human body2.  
Bacteria frequently form biofilms on the surfaces of implanted medical devices or catheters10.  
These device-associated biofilm infections are responsible for chronic or systemic infections in 
  2 
patients.  The plaque on teeth also consists of microbial biofilms11.  Dental plaques made up of 
biofilms cause periodontal diseases 12.  Because of the involvement of biofilms in a variety of 
infections and diseases, research on clinically relevant species of biofilm-forming bacteria is 
common.      
Due to the ubiquity of biofilms on surfaces in a broad range of natural and manmade 
environments, biofilm research has increased in the past few decades1.  Biofilm research in the 
laboratory has primarily focused on single-species communities of bacteria13.  These research 
studies on individual species are used to advance both the general understanding of biofilm 
development as well as the behavior of a particular species.  However, it is important to consider 
that biofilms in many natural environments grow in highly structured multispecies 
communities14,15.  Thus, in addition to continuing to understand single-species communities, it is 
necessary to consider interactions of multiple species of bacteria when studying biofilms.   
1.1 Staphylococcal biofilms 
 Species within the genus Staphylococcus are the most frequent cause of biofilm-
associated infections due to the frequency that staphylococci inhabit skin and mucous surfaces16.   
In addition to the high frequency of staphylococcal infections, staphylococcal species have 
gained attention lately due to the development of single or multidrug resistance to antibiotics17,18.  
Vancomycin—an antibiotic that interferes with peptidoglycan synthesis in gram-positive bacteria 
and inhibits the formation of the bacterial cell wall19—is commonly used to treat S. epidermidis 
and S. aureus infections, including in methicillin-resistant S. aureus (MRSA) infections.    
S. epidermidis is a gram-positive, non-motile, prominent member of the human skin 
flora3,20.  It belongs to coagulase-negative staphylococci, which are distinguished from 
coagulase-positive staphylococci, such as S. aureus by their lack of the enzyme coagulase3.  
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Biofilm formation is the primary virulence factor of S. epidermidis 21.  Since S. epidermidis is 
found within the skin microbiome, it frequently contaminates medical devices when the device is 
being inserted into the body.  S. epidermidis is one of the most frequent causes of bloodstream 
infections in the United States22.  When S. epidermidis forms biofilms in the bloodstream, they 
experience a wide variety of environmental conditions, including shear stresses due to blood 
flow ranging from 0.076-0.76 Pa23.   
Another prominent staphylococcal species is S. aureus.  S. aureus is a gram positive 
bacteria that colonizes the nasal cavities and throats of  20-25% of the human population and 75-
80% of the population is occasionally or never colonized by S. aureus24.  There is a strong casual 
relationship between S. aureus nasal carriage and risk of nosocomial (hospital-acquired) 
infections24.  Nasal carriage allows for S. aureus to spread to other areas of the body if the S. 
aureus comes into contact with the bloodstream.  S. aureus cells invading the bloodstream are 
then capable of forming biofilms on tissues within the body or on medical-devices24.   
The polysaccharide portion of the biofilm matrix in both S. epidermidis and S. aureus is 
made up of polysaccharide intercellular adhesion (PIA)25.  PIA is a linear homoglycan of β-1,6-
linked N-acetylglucosamine26.  The production of PIA is regulated through the ica operon25.  The 
environmental conditions surrounding the bacteria impact the regulation of the production of 
PIA.  One study showed that supplementing S. epidermidis growth media with 1-5% NaCl 
stimulated ica expression and upregulated the production of PIA27.     
S. aureus and S. epidermidis are responsible for 66% of orthopedic-associated implants28.  
Though S. epidermidis and S. aureus are typically studied as single-species biofilms, there is the 
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potential for S. epidermidis and S. aureus to form multispecies communities with each other at 
these orthopedic infection sites or on other medical devices.   
1.2 Biofilm structure  
Biofilm structural heterogeneity governs the microbial distribution, transport properties, 
local microenvironment, and mechanical properties of biofilms29, 30.  Confocal laser scanning 
microscopy (CLSM) is a technique that allows for the 3D visualization of fluorescently tagged 
microscale features through the compilation of 2D optical sections obtained at different depths 
within an unaltered sample.  CLSM is particularly beneficial to biofilm research, because it 
provides a noninvasive method to reconstruct a 3D image volume representation of the 
fluorescently labeled cells within a hydrated biofilm31.  CLSM has been used in biofilm research 
to observe large-scale structural features, such as biovolumes, porosity, and mean thicknesses of 
the biofilm32,33.   These large-scale morphological features were studied to investigate biofilm 
development and adaptation to change in response to environmental factors33,34,35.  Because a 
large field of view has been used to observe these gross morphological features (~ 250 x 250 µm2 
or greater), the resulting images are low magnification and can not be used to investigate 
intercellular microstructural features of the biofilm that are 5 µm or smaller.  These intercellular 
features are important for relating the biofilm microstructural properties to bulk mechanical 
properties.  An additional limitation of the current method for imaging structural features of 
biofilms is that it requires the fluorescent labeling of the biofilm sample.  Label-free imaging 
techniques, such as confocal Raman microscopy, may prove useful for probing biofilm structure 
without being dependent on the use of fluorescent stains.    
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1.3 Biofilms as complex fluids  
Biofilms are viscoelastic materials36-39 that can be considered analogous to colloidal 
composite materials30.  Bacterial cells, which are ~ 500 nm, can be considered to be similar to 
colloidal particles, which are typically on the order of 1 µm, and matrix materials can be 
considered as similar to a viscoelastic hydrogel.  In biofilms, the mechanical and transport 
properties of the material are dependent on the interactions between the components of the 
system, as is the case with attractive colloids, whose interactions produce heterogeneous, 
viscoelastic structures 30,40.  Thus, to understand the viscoelastic behavior of these structurally 
heterogeneous communities, it is necessary to determine bacterial intercellular microstructure to 
understand the contributions of the bacteria to the viscoelasticity of biofilms.    
1.4 Techniques for assessing colloidal microstructure and dynamics  
 Though biofilm intercellular microstructure has not been investigated prior to the work 
within this dissertation, many techniques have been developed within the colloidal sciences for 
investigating the microstructure of colloidal systems.   
 CLSM images can be coupled with 3D image processing techniques to determine the 
location of all centroids within an image volume.  Image processing in colloidal science is 
frequently performed using techniques based on the Crocker and Grier algorithm41, which was 
developed for colloid and soft matter material characterization to determine the location of the 
particle centroids within an image volume.  The Crocker and Grier algorithm inputs raw image 
data, filters out noise through the use of a Gaussian mask and a boxcar average, identifies the 
brightest pixel in a local region of width, w, and then corrects for particle location error.  Using 
the individual particle locations, parameters can be determined such as the local number 
densities, radial distribution functions or cluster sizes of the particles within the volume.   
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 In addition to static measurements performed on 3D CLSM image volumes, dynamic 
measurements can be made to determine the trajectories of colloidal particles within a system42.  
Using the trajectories from a dynamic time series of images, the mean squared displacement 
(MSD) of the particles can be computed.  The MSD can be used to compute the diffusivity of the 
particles within the system43.  Additionally, the MSD can be used to compute the creep 
compliance or the modulus of the material that the colloidal particles are embedded in44.    
1.5 Interdisciplinary learning in graduate education  
 To understand bacterial biofilms a research approach that incorporates skills from both 
engineering and microbiology produces a clearer understanding of the area.  In this introduction 
to the field, we have already raised approaches that are at the interface of these two fields.  Thus, 
understanding the role of interdisciplinary learning in this area is necessary for instructing 
graduate students or other researchers who are entering this field.     
Bacterial biofilm research is just one example of interdisciplinary research.  The 
prevalence of interdisciplinary research opportunities, and interdisciplinary programs for 
graduate students is increasing as research challenges begin to fall at the interface of multiple 
disciplines.  Interdisciplinary graduate programs frequently depend on interdisciplinary 
coursework, seminars, retreats or workshops to provide interdisciplinary learning opportunities 
for students45.  Interdisciplinarity can be defined as a way of solving problems that integrates 
knowledge from two or more disciplines to provide a more complete understanding of a problem 
that would be unlikely using methods from a single discipline alone 46-48.  While faculty may 
agree that interdisciplinary training for approaching problems is helpful, much of the university 
is structured around departments or colleges, and faculty are rarely encouraged to develop 
pedagogies or assessment methods related to interdisciplinary learning49.  Therefore, assessment 
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methods should be implemented to determine the effect interdisciplinary components of graduate 
programs are having on student learning.   
1.6  Research goals and organization of the dissertation  
 The overarching goal of this dissertation is to determine the microstructural behavior of 
S. epidermidis biofilms in unstressed and stressed growth environments and apply this 
knowledge to investigate the role of self-assembly in determining biofilm mechanics, the 
structural changes that occur in multispecies communities of S. epidermidis and S. aureus, and 
the effectiveness of label-free methods for imaging S. epidermidis biofilm microstructure.  
Ultimately, this microstructural understanding of biofilms will aid in the understanding of the 
origins of the mechanical properties of biofilms.  This work can also be used to develop biofilm 
control strategies that could be used in clinical treatments of biofilms, or to create models of 
biofilm behavior including biofilm fracture and disassembly in fluid flow.  In addition to the 
fundamental understanding of biofilm microstructure developed in this dissertation, engineering 
education research on interdisciplinary student learning in a graduate elective course on bacterial 
biofilms is reported.   
 In Chapter 2, we determined the typical variation in S. epidermidis biofilm architecture at 
the microscale and investigated the effect of treatment with environmental stressors (NaCl and 
sub-lethal vancomycin) on the spatial organization of bacteria within a biofilm.  To do this, we 
grew biofilms in flow cells and collected high-resolution CLSM image volumes of the biofilms.  
After performing image processing to extract the centroids of the bacteria, we computed the local 
number densities, radial distribution functions, and cluster distributions of the biofilms and 
evaluated how these measures changed in different growth environments.   
  8 
In Chapter 3, we created bacterial-chitosan constructs with microstructures and 
mechanics matching those of naturally grown biofilms and used these constructs to establish the 
role of physical self-assembly in biofilm formation.  Bacterial-chitosan constructs were created 
from different concentrations of cells and chitosan and in different pH environments.  The creep 
compliance of the constructs was assessed in the different pH environments.  The creep 
compliance was found using the MSD obtained from image processing of 2D CLSM time series 
images.  The solution properties of chitosan and biofilm matrix materials at different pH values 
were evaluated and compared.  Using our understanding of the stability of the biofilm matrix at 
low and high pH, we changed the pH environment of S. epidermidis and S. aureus biofilms to 
alter their mechanical properties.  
In Chapter 4, we extended our work on biofilm structure to determine the effect of 
antibiotic and physical treatments on the structural behavior of S. epidermidis and S. aureus in 
multispecies biofilm communities.  We first considered the kinetic growth of bacteria within 
single and multispecies communities.  Then we evaluated the effect of sub-lethal vancomycin, 
pH and temperature treatments on the structural behavior of each species within the multispecies 
communities.  
The work in Chapters 2-4 was dependent on the use of CLSM to evaluate the 
microstructural behavior of Staphylococcal bacterial biofilms. In Chapter 5, we investigate a 
label-free method for probing biofilm structure in S. epidermidis biofilms.  We image biofilms of 
various thicknesses to determine the applicability of confocal raman microscopy for 
investigating S. epidermidis biofilm microstructure.   
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The approach that was taken in Chapters 2-5 was interdisciplinary in that it combined 
tools and knowledge from both the physical sciences and microbiology to investigate biofilm 
microstructure.  In Chapter 6, we use a graduate elective course on bacterial biofilms to assess 
changes in interdisciplinary learning during a single semester interdisciplinary course.  
Specifically, we assess student self-perception of learning outcomes related to interdisciplinarity 
through surveys distributed at three time points during the course and changes in 
interdisciplinary fluency through the coding of language related to microbiology and engineering 
in open-ended assignments administered at two time points during the course.    
Finally, we discuss the overall conclusions and future work that could be investigated as 
a result of the body of work included in this dissertation.   
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Chapter 2    
Role of Environmental and Antibiotic Stress on Staphylococcus 
epidermidis Biofilm Microstructure* 
2.1 Abstract  
Cellular clustering and separation of Staphylococcus epidermidis surface adherent biofilms 
were found to depend significantly on both antibiotic and environmental stress present during 
growth under steady flow.  Image analysis techniques common to colloidal science were applied 
to image volumes acquired with high-resolution confocal laser scanning microscopy to extract 
spatial positions of individual bacteria in volumes of size ~ 30 x 30 x 15 μm3.  The local number 
density, cluster distribution, and radial distribution function were determined at each condition 
by analyzing the statistics of the bacterial spatial positions.  Environmental stressors of high 
osmotic pressure (776 mM NaCl) and sub-lethal antibiotic dose (1.9 μg/mL vancomycin) 
decreased the average bacterial local number density 10-fold.  Device-associated bacterial 
                                                
* The text in this chapter was originally published in [E.J. Stewart, A.E. Satorius, J.G. Younger, & M.J.  
Solomon, Langmuir 2013, 29, 7017-7024].   
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biofilms are frequently exposed to these environmental and antibiotic stressors while undergoing 
flow in the bloodstream.  Characteristic density phenotypes associated with low, medium and 
high local number densities were identified in unstressed S. epidermidis biofilms, while stressed 
biofilms contained medium- and low-density phenotypes. All biofilms exhibited clustering at 
length scales commensurate with cell division (~1.0 μm).  However, density phenotypes differed 
in cellular connectivity at the scale of ~ 6 μm.  On this scale, nearly all cells in the high- and 
medium-density phenotypes were connected into a single cluster with a structure characteristic of 
a densely packed disordered fluid.  However, in the low-density phenotype, the number of 
clusters was greater, equal to 4% of the total number of cells, and structures were fractal in 
nature with df =1.7 ± 0.1.  The work advances the understanding of biofilm growth, informs the 
development of predictive models of transport and mechanical properties of biofilms, and 
provides a method for quantifying the kinetics of bacterial surface colonization as well as biofilm 
fracture and fragmentation.  
2.2 Introduction 
Bacterial biofilms are multi-cellular, surface-adherent, structured communities of cells 
encapsulated in a polysaccharide matrix.  Biofilm formation occurs when bacteria shift from a 
planktonic phenotype to a sessile phenotype—an observable trait resulting from an organism’s 
gene regulation, environmental factors, and interactions between the two.   These bacterial 
communities are known to be structurally heterogeneous 1, 2, 3, and are found in a variety of 
clinical, industrial, and environmental settings.  Biofilms can be viewed as a biocolloidal 
composite material consisting of bacterial cells as the colloidal particles, and matrix materials 
such as polyintercellular adhesion (PIA), proteins and DNA as the viscoelastic hydrogel 4.  The 
interactions at the interface of these components determine the mechanical properties and 
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behavior of the composite material, similar to the way in which the elasticity of attractive 
colloidal systems such as gels, networks and glasses is determined by the statistical configuration 
of particles 5.  There is also evidence suggesting that the mechanical properties of biofilms are 
strongly dependent on the intercellular microstructure, primarily due to the heterogeneity of the 
biofilm structure 6, 7.  Such mechanical properties and how they vary in different environments 
plays an important role in the accumulation, maturation, and dispersion stages of the biofilm life 
cycle 4,8, 9, 10. 
 Confocal laser scanning microscopy (CLSM) is a useful tool for quantifying the 
microstructure of biofilms because it provides a nondestructive method to image a 3D volume of 
cells within a mature, hydrated biofilm 11.  CLSM has previously been used to observe 
heterogeneity of gross morphological features during biofilm development and adaptation 12, 13, 14, 
15.  Because a large field of view (~ 250 x 250 μm2 or greater) is used to observe such gross 
morphology, the resulting images are low magnification.  This low magnification does not 
resolve the intercellular features of the biofilm microstructure that are displayed at 5 μm scales 
and smaller, and which are important to the aforementioned questions of biofilm rheology and 
permeability. 
 More recently, high-resolution CLSM methods have been identified as valuable tools to 
address fundamental questions about the intercellular microstructure of biofilms and their 
components 16, 17. Here, we define the intercellular microstructure as the spatial organization of 
biofilm cells on length scales from ~ 0.5 μm up to 5.0 μm.  This scale is observable by means of 
high resolution CLSM imaging, which can resolve submicron features of biofilms.  Moreover, 
analyzing biofilms at this resolution potentially quantifies morphological features mediated by 
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the effects of cell division, extracellular matrix synthesis, and diffusive transport (e.g., of 
oxygen, nutrients, antibiotics, quorum sensing molecules) 2.  
 When equipped with high numerical aperture objectives, CLSM yields sub-micron 
resolution for characterizing the many body interactions at the 0.5 – 5.0 μm scale.  However, 
quantitative analysis of the CLSM images requires image analysis methods that determine the 
intercellular microstructure of biofilms by characterizing cellular locations.  These strategies can 
be adapted from work in colloidal and materials science 18, 19, 20. These techniques describe 
structural features by determining statistical measures such as: the number of bacteria per unit 
volume (i.e., the number density); the variation in spacing between cells; the probability of 
finding a bacterium at some distance from a reference bacterium (i.e., the radial distribution 
function); the spatial clustering (or clumpiness) of a collection of individual cells (i.e., the cluster 
distribution).  These measures quantify, in a statistically well-defined way, the phenotypic 
differences that arise among strains, species, and environmental conditions in biofilms. They also 
connect to a large collection of theories, tools, and techniques in the physical sciences that 
already exist to study materials at a microscopic level 21. 
 Bacterial biofilm infection and surface colonization is a major complication of medical 
device procedures.  Staphylococcus epidermidis—a prominent member of normal human skin 
flora, and a primary cause of complications for patients with medical implants 22— was chosen 
as the model organism for our studies. As with other biofilm-associated infections, S. 
epidermidis causes disease and device failure by establishing a surface-adherent viscoelastic 
composite of cells and secreted polymers that resist treatment with antibiotics.   As such, these 
living structures share much in common with other colloidal systems, a fact underscored by 
recent application of such methodologies to understand single cell properties 23, 24, and the 
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interactions of cells with surfaces 25, 26, 27.  Our work extends this approach to include the multi-
cellular properties of bacterial communities.  This multicellular perspective is critical to 
understanding how these short-range physical and chemical properties contribute to the gross 
mechanical behavior of bacterial biofilms that many groups have characterized 28, 29, 30.  
 Here, we combine CLSM with image analysis methods to locate individual bacteria with 
submicron resolution and, thereby, statistically characterize the microscopic structure of S. 
epidermidis biofilms.  These measures specifically address the following two questions:  First, 
what is the typical variation in S. epidermidis biofilm architecture at the microscale as quantified 
by the colloidal measures of number density, radial distribution function, and cluster 
distribution?  Second, does treatment with environmental stressors, such as increased salinity or 
sub-lethal antibiotic dosage, affect the soft matter organization of biofilms at this short length 
scale through a general or stress-specific response? 
2.3 Materials and Methods 
2.3.1 Bacterial biofilm growth conditions 
S. epidermidis RP62A was obtained from American Type Culture Collection (ATCC 35984).  
Each experiment began with an overnight culture grown in tryptic soy broth (TSB). 1 mL of the 
overnight culture with 9 mL of TSB with 1% glucose was injected into one channel of a 40 mm 
x 4 mm x 1 mm flow cell with the inlet and outlet located on opposite ends of the 4 mm flow cell 
width (Stovall Life Sciences, Peosta, IA), and allowed to incubate without flow at 37°C for one 
hour.  Flow cells were then perfused with media at 37oC at 0.5 mL/min, Re = 4,which induced a 
shear stress of 0.01 Pa along the floor of the flow cell. These conditions were chosen to represent 
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common non-turbulent flow regimes (e.g., venous blood, cerebral spinal fluid, urine) within the 
human body 31, 32, 33.     
 Each biofilm was grown within a flow cell for 24 hours with TSB and 1% glucose in the 
unstressed condition (86 mM NaCl) and TSB and 1% glucose with either 136 mM NaCl, 776 
mM NaCl, or 1.9 μg/mL vancomycin growth media in the stressed conditions.  24 hours was 
chosen as the period for growth because after 24 hours bacteria have colonized the surface and 
biofilms have developed well beyond the initial period of attachment 34.  1% glucose was added 
to all growth media, because glucose supplemented media has been shown to induce the 
expression of the biofilm positive phenotype of S. epidermidis 35, 36. Unadjusted TSB contains 86 
mM NaCl.  To induce osmotic stress, we increased TSB salinity to 136 mM NaCl (representative 
of human extracellular fluid), and 776 mM NaCl (4% NaCl, a concentration of NaCl known to 
increase the production of PIA 37, 38).  To evaluate vancomycin-associated stress, 1.9 μg/mL 
vancomycin was used, which our preliminary results and published reports confirmed was 95% 
of the minimum inhibitory concentration (MIC) for RP62A 39.  Four different flow cell biofilms 
were grown for each experimental condition in separate experimental runs.   
2.3.2 Confocal Laser Scanning Microscopy  
After 24-hour growth, biofilms were stained with 10 μM Syto9 (Invitrogen, Carlsbad, 
CA) for 60 minutes.  From each flow cell experiment, five CLSM image volumes were obtained 
using a Leica SP2 CLSM with a 100x, 1.4 NA, oil immersion objective lens.  The excitation 
wavelength was 488 nm.  Image volumes were of size 30 μm x 30 μm in the objective plane 
parallel to the shearing surface, and 6 to 25 μm in the direction perpendicular to the shearing 
surface.  The latter dimension was varied to accommodate differences in the biofilm thickness.  
The shear surface was always the lower bound of the image volume.  All image voxels were 60 
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nm x 60 nm x 60 nm.   The five image volumes were collected in the shape of a cross, centered 
across the width of the flow cell.  The spacing between each imaged volume was 100 μm and all 
measurements were taken in the 10 mm nearest the flow cell inlet.  We image near the center of 
the inlet to ensure nutrient depletion has not occurred as flow traverses the length of the flow cell 
and to require that we have minimal effects of flow instabilities that commonly exist at the 
corners of the expansion flow into the cell.  
2.3.3 Image Analysis  
Image analysis of raw CLSM image stacks was performed to determine the collective 
structure of the biofilm. Our image processing resolves the spatial position of all bacteria within 
each image volume with sub-100 nm resolution.  The method, based on the work of Crocker and 
Grier 18, resolves the location of all bacterium geometric centroids within an image volume to 
within ±35 nm in the object plane and ±45 nm in the axial plane 19.  The error of statistical 
measures from the image analysis, such as the number density, is less than 3% 40.  This method 
inputs raw image data, filters out noise through the use of a Gaussian mask, identifies the 
brightest voxel in a local region of width, w, and then corrects for bacterium location error. The 
performance on the method was verified by confirming that all bacteria were correctly identified 
within sub-regions of an image volume. Results for one such sub-region are reported in Figure 2-
1. The 3D coordinates of all the bacteria in the image volume were rendered in POV-Ray, a ray-
tracing program (POV-Ray, Persistence of Vision Raytracer [http://www.povray.org]).   
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Figure 2-1: Determination of bacterium centroid locations using CLSM coupled with image 
analysis.  (A) Two perpendicular image sections taken from the 3D CLSM image volume.  (B) 
Bacterium centroid locations identified within the two perpendicular image slices by image 
processing.  Centroids are indicated in red.  (C) List of centroid coordinates (in μm) identified in B. 
Scale bars: 1 μm.  This figure was originally published in [E.J. Stewart, A.E. Satorius, J.G. 
Younger, & M.J. Solomon, Langmuir 2013, 29, 7017-7024].   
 
2.3.4 Quantification of spatial organization 
The local number density, the cluster distribution, the radial distribution function, and the 
dimensionality of fractal structures were determined from the coordinates of the identified 
bacteria. The local number density is the number of bacteria per unit volume within the imaged 
region of the biofilm.  
 To quantify spatial clustering, all cells in an imaged volume were grouped according to 
the following definition: (i) all members of a group were separated from at least one other 
member of the group by no more than a critical distance rc, the cluster cutoff distance; (ii) each 
member of a group was separated from all other members of all other groups by at least that 
same critical distance rc.    That is, all bacteria in a cluster share at least one link with another 
bacteria within the same cluster, and no links with bacteria in other clusters.  The definition is 
shown figuratively in Figure 2-5a.  Clusters were identified according to the method of Lu et al. 





X Y Z 
5.6 26.6 3.6 
1.4 25.8 3.9 
1.8 25.1 4.0 
4.1 26.7 4.0 
… … … 
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41.  The cluster distribution was reported as the ratio of the number of clusters for a given rc to the 
total number of bacteria within the image volume.†        
 The radial distribution function, a common structural measure from statistical mechanics, 
is defined as the probability of finding a bacterium at a distance, r, from a reference bacterium at 
the origin.  It is computed as in Allen and Tildesley 42. 
 For phenotypes with fractal structure, the fractal dimension, df, was determined by a 
power-law fit of the average radial distribution function from 2R< r < 10R, where R is 320 nm, 
the average radius of S. epidermidis RP62A 43.  In this region, the radial distribution function is 
related to the fractal dimension through the relationship, g(r) ~ rdf-3 44, 45.    
2.3.5 Statistical analysis 
Bacterial number density results were analyzed with one-way ANOVA when examining 
differences between different levels of osmotic stress.  Vancomycin effects were compared to the 
86 mM NaCl condition with unpaired two-tailed t-tests.  Comparison of the clustering and radial 
distribution functions between experimental groups was carried out using spline-based general 
additive models as used previously for spatial characterization of bacterial aggregate geometry 16, 
and as outlined in the mgcv package in R 2.15.1 (Wood, S., R Foundation for Statistical 
Computing [http://www.r-project.org/index.html]).   
2.4 Results 
Unstressed S. epidermidis biofilms grown in flow cells exhibited heterogeneous structure 
on multiple length scales, as reported in Figure 2-2.  Figure 2-2A shows the heterogeneity across 
                                                
† R. Newman and L. C. Hsiao developed the cluster distribution program used in this analysis.   
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the width of the flow cell at the millimeter length scale, as indicated by stereoscopic imaging.  
Figure 2-2B shows the spatial heterogeneity observed when using a 10x, 0.3 NA objective; 
Figure 2-2C shows the spatial heterogeneity when using a 40x, 0.95 NA objective.  The images 
indicate that these biofilms, consistent with the literature 12, 13, 14, 15, display a hierarchy of 
structures of dimension 200 microns and smaller.  Using 10x microscopy and COMSTAT 14, we 
find that the unstressed biofilm thickness is ~ 200 microns and that the available biovolume is ~ 
90 µm3/µm2. 
Here we probe a finer length scale, and thereby show that S. epidermidis biofilm 
architecture is heterogeneous at scales <5 μm, as shown in Figure 2-2D.  This length scale of our 
3D imaging is an order of magnitude smaller than those typically reported for biofilm images.  
Figure 2-2C is a single image slice from an image volume used for image processing. Figure 2-
2E shows renderings of all bacterial centroids identified within the entire CLSM volume that the 
slice in Figure 2-2D was taken from.  These centroids were used to quantify intercellular biofilm 
structural heterogeneity.  CLSM, as these short length scales (<5 μm) revealed highly varied 
cellular density in healthy, unstressed S. epidermidis biofilms.  The range of local number 
densities varied significantly with local number densities varying from 0.02-0.41 cells/μm3, and 
with a mean of 0.19 ± 0.03 cells/μm3.   
Bacterial local number densities decreased with increased osmotic stress, an 
environmental stress added to the growth environment of the bacteria. The average local number 
density decreased to 0.09 ± 0.01 cells/μm3 for biofilms grown in 136 mM NaCl, and further 
decreased to 0.020 ± 0.003 cells/μm3 for biofilms grown in 776 mM NaCl.   Thus, high osmotic 
stress decreased average bacteria local number density 10-fold.   
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Figure 2-2: Multi-scale structure of S. epidermidis biofilms.  A) Stereoscope image of heterogeneous 
biofilm structure across flow cell inlet. Flow through the device results in a wall shear stress of 0.01 
Pa.  Scale bar: 1 mm. B) Single slice of a large microscale, 1270 μm x 1270 μm x 224 μm CLSM 
image volume taken with a 10x, 0.3 NA objective. Scale Bar: 200 μm. C) Single image of a 317 μm x 
317 μm x 26 μm CLSM volume at a length scale typical for gross structural studies taken with a 
40x, 0.95 NA objective. Scale Bar: 50 μm.  D) Single CLSM slice from 3D image volume of S. 
epidermidis biofilm rendered in panel E. Scale Bar: 1 μm. E) 3D rendering of bacterial coordinates 
representing the 3D intercellular microstructure of the entire volume from image section of D.  This 
figure was originally published in [E.J. Stewart, A.E. Satorius, J.G. Younger, & M.J. Solomon, 
Langmuir 2013, 29, 7017-7024].   
 
 The variability of the range of local number densities also decreased as osmotic stress 
increased.  Plotting histograms of the data reveals this decrease in variability, as reported in 
Figure 2-3.  As demonstrated by the variation in these plots, heterogeneity in local number 
density is apparent within all osmotic stress conditions; however, high-density regions of growth 
are excluded as stress is increased as represented by the decrease in number of bins.  Although 
high cellular densities are not achieved with added stressors, biofilm growth is still present.  This 
observation indicates that PIA or other matrix components contribute significantly to biofilm 
formation when environmental stressors are present.  Therefore, the control variable of osmotic 
stress is able to induce differences in biofilm cellular morphology.    Numerical values of 
averages and ranges at the different stress conditions studied are reported in Table 2-1. 
A B C D E Inlet 
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Table 2-1: Average local number density values and range of local number density values for each 
growth condition.  This table was originally published in [E.J. Stewart, A.E. Satorius, J.G. 
Younger, & M.J. Solomon, Langmuir 2013, 29, 7017-7024]. 
Environmental 
Condition 
Average local number 
density (cells/μm3) 
Range of local number 
densities (cells/μm3) 
86 mM NaCl 0.19 ± 0.03 0.02-0.41 
136 mM NaCl 0.09 ± 0.01 0.02-0.19 
776 mM NaCl 0.02 ± 0.003* 0.005-0.04 
1.9 μg/mL Vancomycin 0.02 ± 0.006** 0.003-0.11 
*  p < 0.01 for increasing salinity by one-way ANOVA. 
** p < 0.01 for vancomycin versus 86 mM NaCl by unpaired t-test. 
 
 
Figure 2-3: Heterogeneity of number densities decreases with increasing environmental stress.  
Histograms of local number density data for: A) 86 mM NaCl, B) 136 mM NaCl, C) 776 mM NaCl, 
and D) 1.9 μg/mL vancomycin.  This figure was originally published in [E.J. Stewart, A.E. Satorius, 
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 Bacterial local number densities decreased with vancomycin stress.  With a sub-lethal 
vancomycin stress, the average local number density is 0.02 ± 0.01 cells/μm3.  However, and as 
indicated by the histograms in Figure 2-2D, the variability in local number densities decreased, 
compared to the unstressed growth condition, when stressed with vancomycin.  Thus, we found 
that both osmotic and sub-lethal vancomycin stress decreased average local number density of 
cells within the biofilm, but did not eradicate biofilm growth.  
 Three general density phenotypes—low (Density Phenotype I), medium (Density 
Phenotype II) and high (Density Phenotype III) local number density phenotypes—were 
identified.  Due to the variation in local number densities present in unstressed biofilms, we 
categorized the measured local number densities into three density phenotype regions: the low-
density phenotype (I) is from 0-0.06 cells/μm3; the medium density phenotype (II) is from 0.06-
0.20 cells/μm3; and the high-density phenotype (III) is from 0.20-0.41 cells/μm3. We established 
the range of each phenotype by considering the entire range of local number densities that could 
be achieved by both unstressed and stressed biofilms and empirically determining two divisions 
within the data.  The first division was the maximum density observed at the most stressed 
condition of 776 mM NaCl, which was about 0.06 cells/μm3.  This limit was taken as the upper 
bound of the low-density phenotype for all conditions.  The second division was taken as the 
density range in which only the unstressed biofilms (86 mM NaCl) displayed biofilm growth.  
This limit (0.20 cells/μm3) was taken as the lower limit of the high-density phenotype.  The 
difference between these two limits was the medium density phenotype.  These limits were 
applied uniformly to all four environmental growth conditions.  
 The density phenotype ranges are plotted on a per sample basis in Figure 2-4a.  In Figure 
2-4a, different symbols denote each of the three density phenotypes. Three-dimensional 
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projections of bacterial centroids extracted from representative CLSM image volumes from each 
condition for each phenotype are shown in Figure 2-4b.  The low-density phenotype exhibits 
more clustering than the medium- and high-density phenotypes.  The medium- and high-density 
phenotypes are qualitatively more close-packed and more uniform than the low-density 
phenotypes.  As stress is increased within the system fewer phenotypes are present.   
 
Figure 2-4: (A) Bacterial local number density varies according to environmental stress condition 
and can be described by identification of three density phenotypes.  Within each condition, each 
column of data represents the results of one flow cell replicate.  There were four replicates per 
experimental condition. (B) Representative 3D renderings of bacteria, organized by both 
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osmotic stress increased, the number of density phenotypes present decreased.  This figure was 
originally published in [E.J. Stewart, A.E. Satorius, J.G. Younger, & M.J. Solomon, Langmuir 2013, 
29, 7017-7024].   
 
 Cluster distributions indicated that all S. epidermidis biofilm phenotypes contain close 
spatial association at short length scales, presumably due to daughter cells from cell division.  
The cluster distribution, plotted in Figure 2-5b, shows that similarities exist in S. epidermidis 
biofilm clustering for all density phenotypes at short length scales (rc < ~1.0 μm).  This 
conclusion is drawn from the fact that a sharp decrease in the ratio of number of clusters to total 
number of bacteria (the y-axis in Figure 2-5b) occurs at a cluster cutoff, rc, of ~ 1 μm.  This sharp 
decrease is at the same length scale as that expected for the effects of cell division.  That is, at the 
separation distance of daughter cells (dimers) and pairs of daughter cells (tetramers), the number 
of clusters drops precipitously. This drop occurs because on the 1 μm scale bacteria are grouped 
together into dimers and tetramers.  These dimer and tetramer groups suggest that the biofilm 
density phenotypes found have internal structure seemingly linked to cell division.  
Representative sections of CLSM images of dimers, trimers, and tetramers found in the biofilms 
are shown in Figure 2-5c.   
 Cluster distributions showed that cellular connectivity at rc = 6 μm is a strong function of 
density phenotype.  In the limit of rc > 2 μm, the low-density phenotype contains significantly 
more clusters relative to that of the medium and high-density phenotypes, as shown on the right 
hand side of Figure 2-5b.  Increased clustering of the low-density phenotype is indicated by the 
fact that the ratio of number of clusters to number of bacteria (NCl/NB) only decreases to 0.04 at rc 
= 6 μm, instead of dropping to nearly 0 (<10-3) as in the medium and high density phenotypes.  
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NCl/NB tending to zero indicates that all bacteria in the image volume have been grouped into 
either a single cluster, or a few very large clusters (typically >1000 bacteria/cluster).   
Thus, in the low-density phenotype, biofilms are structured at ~ 6 μm scales into small 
clusters of abundance equal to about 4% of the total number of cells.  In the medium- and high-
density phenotypes cells on this scale are connected into large clusters that span the entire image 
volume. 
The radial distribution function corroborates the short-range structural findings of the cluster 
analysis.  The radial distribution function—g(r)—is the probability of finding a bacterium at a 
distance, r, given that a reference bacterium is located at the origin, relative to a uniform 
distribution of the same density.  Thus, peaks in the radial distribution function represent an 
increased probability of finding a bacterium at a given location from the origin, while troughs 
represent a decrease in the probability of finding a bacterium at a given location from the origin.   
The radial distribution functions plotted in Figure 2-5d display two features that corroborate the 
cluster distribution findings.    
 First, the radial distribution function of each density phenotype displays a peak at short 
length scales (< 1.2 μm).  This peak indicates an increased probability of finding bacteria 
separated by short distances relative to a uniform distribution of bacteria.  These peaks support 
the evidence of a first coordination shell on the length scale of cell division in the biofilms.   
Second, the magnitude of the radial distribution function of the low-density phenotype is 
significantly greater than the medium- and high-density phenotypes.  The medium- and high-
density phenotype measurements are consistent with results for disordered liquids and packings, 
such as those found in fluid and glassy suspensions of colloids 46.  By comparison, the large  
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Figure 2-5: (A) Schematic representations of specific 
regions within the cluster distribution curve.  When 
the cluster cutoff size, rc, is low, the number of 
bacteria in each cluster is low.  This decrease results 
from the close spatial association required by small 
rc.  Thus, many clusters are identified, each with few 
bacteria.  Conversely, when rc is high, bacteria are 
increasingly connected and the number of clusters is 
small. In the above figure each cluster is represented 
by a different color.  (I) rc = 0.5 μm shows that all 
cells other than the pair of cells in the middle that 
are directly touching are counted as individual 
clusters.  (II) rc = 0.7 μm yields 5 clusters.  (III) rc = 1 
μm yields 3 clusters.  (IV) rc = 4 μm yields one 
cluster.   (B) Cluster distribution of low (I), medium 
(II), and high (III) density phenotypes. Cluster 
distribution is plotted as Number of Clusters (NCl)/ 
Number of Bacteria (NB) verses Cluster Cutoff (rC).   
All biofilms cluster at rc ~1 μm indicating that all 
growth conditions and density phenotypes contain 
similar clustering on length scales of cell division 
(upper left hand box).  This clustering consists of 
small clusters: dimers, trimers, and tetramers.  In 
addition, cluster distributions for rc ~ 5 μm differ in 
cellular connectivity between the low-density 
phenotypes and the medium- and high-density 
phenotypes.  A greater number of clusters (equal to 
~4% of the number of cells) are present within the 
low-density phenotype (I) compared to the 
medium(II)- and high(III)-density phenotypes, where 
only single clusters are present at ~6 μm for these 
two cases. The cluster distribution data analyzed 
include all data collected from both unstressed and 
stressed biofilms with the given phenotype.  All 
curves for the three phenotypes were statistically 
distinct by general additive modeling (p < 0.01 for 
each).  (C) CLSM evidence of clustering of dimers, 
trimers and tetramers, on length scales linked to cell 
division. Scale bar: 1 μm.  (D) Radial distribution 
function of low (I), medium (II), and high (III) 
density phenotypes.  The peaks at <1.2 μm indicate that bacteria are separated by short distances, 
consistent with the short-range clustering of panel A.  Additionally, the significantly higher peak of 
the low(I)-density phenotype indicates fractal structure of the biofilm, whereas the peaks of the 
medium(II)- and high(III)-density phenotypes indicate dense, disordered packing of the biofilm. 
The g(r) data analyzed include all data collected from both unstressed and stressed biofilms with 
the given phenotype.  All curves for the three phenotypes were statistically distinct by general 
additive modeling (p < 0.01 for each).  This figure was originally published in [E.J. Stewart, A.E. 
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magnitude of the radial distribution function of the low-density phenotype indicates substantial 
deviation in bacterial pair separation relative to that expected for a uniform distribution of 
bacteria. This heterogeneity is consistent with the both the greater clumpiness on ~6 μm length 
scales found in the cluster distribution of low-density phenotypes, and the colloidal clustering of 
structures with fractal distributions 47. To further understand the low-density phenotype, we 
quantified the fractal behavior of these structures (over the range 2R < r < 10R), and determined 
the average fractal dimension to be 1.7 ± 0.1.    Although the mechanism of association is 
potentially very different, it is interesting that this value is similar to the Diffusion Limited 
Cluster Aggregation (DLCA) regime, for which df = 1.8 48.  A plot of the data and fit used to 
determine the fractal dimension is shown in Figure 2-6.   
 
Figure 2-6: Fractal dimension calculation.  The low-density phenotype radial distribution function 
was consistent with fractal scaling.  We computed the fractal dimension, fd, of the low-density 
phenotype through a power-law fit of the radial distribution function, g(r), from 2R < r < 10R, 
where R is 320 nm, the average radius of S. epidermidis 43.  g(r) is related to fd through g(r) ~ rdf-3 
44,45.  The fit of the average radial distribution function was determined to be:  y=8.79 * x-1.2692, R2 = 
0.95.  Thus, the fractal dimension was computed to be 1.7.  To obtain the error, the fractal 
dimension was determined for each of the low-density phenotype samples and the standard error of 
the mean was computed to be ± 0.1.  This figure was originally published in [E.J. Stewart, A.E. 
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2.5 Discussion  
This paper has applied high-resolution confocal laser scanning microscopy coupled with 
image analysis to evaluate the effect of environmental stress and antibiotics on biofilm 
architecture on the 0.5 – 5 μm scale of intercellular microstructure.  Our findings indicate that 
unstressed S. epidermidis biofilm architecture is highly variable at short length scales, consisting 
of distinct phenotypes distributed across the biofilm.  In unstressed biofilms, the cellular density 
of these phenotypes varies by a factor of 20.  Osmotic stress decreased the variation in number 
density of S. epidermidis biofilms, as indicated by the uniformly low local number densities of 
these samples. Likewise, stress from vancomycin, an antibiotic commonly used to treat 
Staphylococcal infections, reduced the structural variation of the biofilms, as shown by an 
equivalent decrease in the range of the local number density phenotypes present.   
 We probed the internal structure of the high-, medium-, and low-density phenotypes 
through cluster distribution analysis.  We found that low-density phenotypes consisted of small 
clusters of bacteria, whereas high-density phenotypes displayed continuous connectivity 
throughout the entire volume being sampled.  We also found that all biofilms observed contained 
short-range structure on length scales commensurate with cell division.   
 This work demonstrates that clustering of low-density biofilms on scales of ~ 6 μm and 
below is a common feature of biofilms.  We observed increased clustering of S. epidermidis in 
low-density phenotype biofilms on length scales <6 μm.  This scale is similar to clustering 
observed by Berk et al. in V. cholerae biofilms 17. The observation of such clustering in two 
different biofilm forming species suggests that the ~ 6 um scale is broadly relevant to 
understanding the morphology and architecture of bacterial biofilms.  Moreover, as discussed in 
the next paragraphs, our work extends the understanding of this clustering by showing: (a) 
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unstressed biofilms have cellular connectivity across ~30 μm regions, while stressed biofilms 
only maintain cellular connectivity on ~ 6 μm size scales; (b) small scale clustering in biofilms is 
consistent with the effects of cell division; (c) low-density biofilms form fractal structures with 
fractal dimensions df = 1.7 ± 0.1.   
 The long-range (~30 μm) cellular connectivity of unstressed biofilms with high- and 
medium density phenotypes and the short-range cellular connectivity of stressed biofilms (~6 
μm) with low-density phenotypes have implications for the mechanism of biofilm connectivity in 
each of these systems.   The cluster distribution characterization of Figure 2-4A distinguishes 
between cells that are directly connected to each other (because they are separated by distances < 
5 μm and thus grouped into a single cluster), and cells that are not directly connected, and thus 
are associated indirectly through PIA and other components of the EPS (because the cells are 
separated by distances greater than 6 μm).  This finding shows that cellular connectivity in 
stressed biofilms is decreased relative to unstressed biofilms.  This difference in cellular contact 
and connectivity may have implications for the rheological (e.g. elastic modulus, yield strength) 
and transport properties (e.g. diffusion of oxygen, nutrients, antibiotics, quorum sensing 
molecules) of biofilms.  For example, the bacterial contact interactions could deform with a rigid 
or soft response depending on the spacing and angles between bacteria.  These two types of 
clusters would behave differently when subjected to deformation 49, 50. 
Cell replication also appears to significantly impact biofilm microstructure.  Both 
unstressed biofilms and biofilms grown in the presence of environmental stressors contained 
structure signatures suggestive of cell division on length scales of < 2 μm.  This result suggests 
that progeny remain nearby original cells within biofilms. 
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 Low-density phenotype S. epidermidis biofilms have an average fractal dimension (df = 
1.7 ± 0.1) consistent with values found for other modes of aggregation, such as diffusion limited 
cluster aggregation 51.  This tenuous structure of the low-density phenotype biofilms is similar to 
that observed for number of of colloidal gels 52 formed through spinodal decomposition-type 
mechansims.  The mechanism of bacteria clustering into fractal structures is likely more complex 
than such colloidal mechanisms of aggregation because of the potential contribution of cell 
division, matrix materials, and quorum sensing to the multicellular structure of bacterial 
communities.  Nevertheless, the very low fractal dimension observed is consistent with the very 
open, low dimensionality structures for these loose biofilms. The fractal structure of gels has 
profound implications for rheological properties – for example, in colloidal systems, both the 
fractal structure and cluster dimension specify the hierarchy of fluctuating modes that determine 
the gel elasticity53.  Identification of this structural feature in stressed biofilms suggests a 
potential avenue to model the contribution of their intercellular structure to their elastic rheology.  
In colloidal gels, fractal models of internal particle dynamics have been used to develop a scaling 
relationship among the volume fraction, fractal dimension, and elastic modulus 53.  Similar 
scaling relationships may be useful for determining the elastic moduli of biofilms.  
 More broadly, the experimental characterization of the spatial position of every bacterium 
in a local region of the biofilm, as pursued in the present study, is critical to advancing 
understanding of a number of biofilm transport and mechanical properties.  For example, spatial 
coordinates can be used to further understand matrix behavior through allowing for calculations 
of the average extracellular concentration of PIA per cell present within the biofilm 43.  
Moreover, the bacterial positions can be applied to initialize composite based predictive models 
of biofilm mechanical behavior, thereby better linking these models to real conditions in the 
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biofilms.  These models have been applied to flow induced fragmentation models of biofilms 54.  
Additionally, computer modeling of biofilms has shown how clustering behavior may change 
due to social evolution within single species and multi-species biofilms 55. Consequently, the 
tools developed in the present study are immediately applicable for experimentally evaluating the 
behavior of each individual species in these simulations or could be expanded to multi-species 
biofilms for testing the structural behavior of each species as well.  
2.6 Conclusions 
Our work has identified that unstressed biofilms are comprised of multicellular structures 
representing the full range of high-, medium, and low-density phenotypes, while biofilms 
stressed by either osmotic pressure or an antibiotic contain only medium- and low-density 
phenotypes.  Although it was expected that biofilms undergoing stress would not develop as 
extensively as unstressed biofilms, the short- and long-range structural behaviors that accompany 
these developmental differences were previously unknown.  All S. epidermidis biofilms observed 
contained clustering commensurate with the length scale of cell division (~1 μm).  However, 
biofilm connectivity differed on ~6 μm scales, where high- and medium- density phenotype 
biofilms contained longer range connectivity (>30 μm), and low-density phenotype biofilms 
clustered into fractal structures.  Advancing the understanding of how bacteria organize at the 
intercellular level in unstressed and stressed conditions introduces a new perspective for 
understanding biofilm growth.  The metrics used here could be applied to quantify and advance 
the understanding of the kinetics of bacterial surface colonization in both single species and 
multi-species biofilms, bacterial behavior at the biofilm-water interface or other regions within 
the biofilm, and biofilm dispersal, fracture and fragmentation. 
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Chapter 3  
Bacterial-chitosan constructs establish the role of physical self-
assembly in biofilm formation‡§ 
3.1 Abstract 
Bacterial constructs with biofilm-like microstructural and mechanical properties were self-
assembled by exploiting interactions that were exclusively physicochemical – rather than 
genetically constitutive – in origin.  Bacterial biofilms are viscoelastic, structured communities 
of bacteria; they possess heterogeneous microstructure, local pH gradients, and an extracellular 
polymeric substance (EPS) comprised predominantly of polysaccharides along with proteins and 
DNA.  Although the genetic pathways of EPS synthesis, the microstructure and the rheology of 
biofilms have been previously probed, how the cells and the extracellular matrix materials 
generate the biofilm morphology and mechanics is not understood.  Here, we find that physical 
interactions drive the self-assembly of EPS components and bacterial cells into viscoelastic, 
structured communities.  Specifically, pH conditions that induce phase instability of 
polysaccharide solutions yield artificial biofilms whose microstructures and mechanics match 
                                                
‡ This work has been submitted for publication by [E.J. Stewart, M. Ganesan, J.G. Younger, & M.J. 
Solomon].   
§ E.J. Stewart and M. Ganesan co-authored this work.   
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those of natural biofilms.  Thus, during the biofilm lifecycle, genetic regulation triggers the 
synthesis of EPS, but physical self-assembly generates the morphology and viscoelasticity of the 
biofilm.  An implication of the results is that pH-induced solubilization of the EPS 
polysaccharide triggers biofilm disassembly and dispersion, a result significant for biofilm 
control in medical devices, biofouling, and dental plaques. 
3.2 Introduction  
Bacterial biofilms are viscoelastic multi-cellular structured communities encapsulated in 
an extracellular polymeric substance (EPS) of polysaccharides, proteins, and DNA 1, 2.  Their 
viscoelasticity prevents fragmentation 3,4 and promotes resilience against shear 4,5,6.  Biofilms 
display structural and physicochemical heterogeneity across multiple spatial scales 7-10 and pH 
microenvironments 11.  This heterogeneity mediates nutrient and antimicrobial transport 2,12, 
mechanics 13,14, and sociobiology 15.     
The formation of biofilms is commonly viewed as the consequence of genetically 
controlled synthesis and export of EPS components 16.  However, there remains a profound gap 
between our understanding of the effect of these synthesis and export operations on biofilm 
formation and the complex microstructure and rheology that is achieved by mature biofilms.  
Bridging this gap has implications for large-scale mechanics of biofilm streamers 17 and strain 
hardening 18.  The idea of depletion-mediated aggregation of bacteria contributing towards 
biofilm formation has been previously introduced 19,20.  
Here we show that the purely physical self-assembly of cellular and polymeric 
components can, in the absence of any bacterial regulatory control, produce the morphology and 
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mechanics of S. epidermidis biofilms.   The essential role of self-assembly in the formation of 
biofilms suggests strategies for their control and mechanical remediation.  
3.3 Materials and Methods 
3.3.1 Bacterial strains and culture conditions   
S. epidermidis  RP62A (ATCC 35984) was grown in 50 mL tryptic soy broth (TSB) with 
1% added glucose at 200 RPM in an overnight culture in a 250 mL Erlenmeyer flask.  1 mL of 
the overnight culture was added to 50 mL TSB with 1 wt. % added glucose and was grown to 
OD600= 0.5, 1.0, or 1.4.  Bacteria were stained with 2.5 μM Syto9 for 30 minutes.  The cellular 
concentration at each optical density was measured using a Neubauer improved hemocytometer 
(INCYTO, Korea).  Three replicates were performed at each OD and the average and standard 
error of the mean (SEM) were computed.  The OD600 measurements and concentrations are 
summarized in Table 3-1.   
 S. aureus SH1000 colonies were cultured on Tryptic Soy Agar (TSA) for the 18-hour S. 
aureus biofilm experiments.   
Table 3-1: Conversion of optical densities to cell concentrations.   This table is reprinted from the 
submitted paper of [E.J. Stewart, M. Ganesan, J.G. Younger, & M.J. Solomon]. 
OD600 Cell Concentration (cells/ mL) 
0.5 2.4E8 ± 0.3E8 
1.0 5.1E8 ± 1E8 
1.4 9.7E8 ± 0.5E8 
 
3.3.2 Extraction and quantification of biofilm polymers 
 S. epidermidis batch biofilms were cultured and the extracellular polymeric substances 
(EPS) and high purity polysaccharide intercellular adhesin (PIA) isolates were obtained 
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following the protocol of refs 21, 22.  The concentration of glucosaminoglycans in EPS and PIA 
isolates was measured using the Smith Gilkerson assay 23. Proteins and nucleic acids in the EPS 
were quantified using the BCA and PicoGreen assay respectively. The concentrations of PIA, 
protein, and nucleic acids within S. epidermidis biofilms were calculated by obtaining the total 
concentration of EPS polymers per biofilm cell (the latter is quantified as total cell density per 
culture using a hemocytometer), computing the average extracellular volume available per 
biofilm cell (from measurements of in situ cell number density of Stewart et al., 9) and dividing 
the two to obtain the total average extracellular concentration of PIA, protein and nucleic acids in 
situ as done earlier 21. The calculated values are averaged over at least 10 different batch cultures 
and are reported in Table 3-2.  
Table 3-2: Average extracellular concentrations, as defined by Ganesan et al. (28) of PIA, protein 
and DNA within S. epidermidis biofilms.  This table is reprinted from the submitted paper of [E.J. 
Stewart, M. Ganesan, J.G. Younger, & M.J. Solomon].  This table was created by Mahesh Ganesan.   
Component Concentration (g/mL) x 102 
PIA 2.0  ± 0.5 
Total Protein 1.0 ± 0.4 
Total DNA 0.1 ± 0.07 
 
3.3.3 Particle tracking microrheology using diffusing wave spectroscopy (DWS) 
 DWS was carried out as per ref 24.  The probes used were 0.5 µm sulfate latex beads 
(Invitrogen, Eugene, OR) at suitable concentrations to ensure multiple scattering 24.  Biofilms 
were cultured directly in 1 mm thick rectangular cuvettes by using S. epidermidis colonies to 
inoculate the growth media; the probes were added during inoculation. Stability of probes in 
growth media was confirmed using zeta potential measurements.  The mean squared 
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displacement (MSD) of probes in PIA, EPS and biofilm was computed from their normalized 
intensity autocorrelation function, g2(t) = 〈I(0)I(t)〉/〈I(t)〉2, where I(t) is the scattering intensity at 
time t and 〈 〉 is the time average operator, as per ref 24.  The material storage, G’(ω) and loss, 
G”(ω) modulus were obtained using the generalized Stokes Einstein relation (GSER) as per 25. 
Zero shear viscosity, η0, and creep, J(t), was calculated from MSD following 24, 26.  A probe size 
and surface chemistry study on PIA and EPS solutions indicated no local heterogeneity and no 
probe-polymer interaction, therefore validating the use of the GSER.  Biofilm DWS however 
exhibited strong probe size dependence.  Probes larger than the size of S. epidermidis cells ( > 
0.5 µm ) exhibited nonergodic dynamics, as characterized by a g2(t) intercept << 1 27, presumably 
because of entrapment within or between biofilm clusters and were therefore not analyzed 
further.  Probes of size equivalent to that of the bacterial cells – 0.5 µm diameter – exhibited 
decay in g2(t) that was consistent with thermally induced random motion.  The g2(t) of probes 
smaller than the cellular diameter (< 0.5 µm) did decay to zero at infinite time; this behavior is 
indicative of restricted concentration fluctuations (i.e. localization), because of entrapment of the 
smaller probes within biofilm clusters.  The biofilm J(t) as a function of probe size is shown in 
Fig. 3-1.   We found that the short time response ( t < 10-3s ) was independent of probe size while 
the cross over into the viscoelastic regime was found to be strongly dependent on probe size.  
Probes of size 0.5 µm – a dimension equivalent to the size of a S. epidermidis bacterial cell – 
resulted in a biofilm J(t) that matched the mechanical rheometry 6.   
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Figure 3-1: Creep compliance, J(t) of biofilms obtained from DWS microrheology using probes of 
size 0.1 µm, 0.2 µm and 0.5 µm and from the bulk biofilm mechanical rheometry 6. The 
concentration of probes was chosen to ensure multiple scattering following 24. This figure is 
reprinted from the submitted paper of [E.J. Stewart, M. Ganesan, J.G. Younger, & M.J. Solomon].  
This figure was created by Mahesh Ganesan.   
The probe surface chemistry study using confocal microscopy showed that 0.5 µm 
carboxylate and amine probes strongly associated with the biofilms (fraction of aggregated or 
stuck probes > 70%), while 0.5 µm sulfate probes showed much weaker association of < 15%. 
Using the theory of multiple scattering in binary suspensions 28 and the structure factor 
formulation for aggregates 29, we found that the impact of this association caused < 1 % change 
on the transport mean free path of multiply scattered light and a < 6 % change in the calculated 
MSD 30.  
3.3.4 Construct matrix materials: chitosan, bovine serum albumin and DNA 
Stock solutions of 1 wt. % chitosan, with manufacturer reported molar mass of 190 – 300 
kDa and a degree of deacetylation of ~75-85 % (Sigma Aldrich, St. Louis, MO), were 
solubilized in 0.3 M Acetic Acid (pH = 3.0).  PIA and chitosan solution properties such as molar 
mass, self-associations at acidic pH 21, 31 are nearly equivalent and both complex with proteins 
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and nucleic acids 21, 32.  For confocal laser scanning microscopy imaging, chitosan was labeled 
using 10 μg/mL Wheat Germ Agglutinin (WGA), AlexaFluor® 633 (Life Technologies, Grand 
Island, NY).  Artificial EPS was prepared in the tryptic soy broth media by mixing together 
chitosan, BSA (Sigma Aldrich, St. Louis, MO) and λ DNA (Invitrogen, Eugene, OR) as per refs 
21, 33 according to their in situ stoichiometry as reported in Table 3-2.  
3.3.5 Bacterial-chitosan constructs  
To simulate the biofilm solvent environment discussed in most reports on staphylococcal 
biofilms, tryptic soy broth media supplemented with 1 wt. % glucose was used as the solvent for 
making the constructs 22. We probed six different chitosan concentrations and three different 
cellular optical densities.  For each S. epidermidis cellular OD600 value (0.5, 1.0, 1.4), we created 
bacterial constructs with chitosan concentrations of 0, 0.05, 0.1, 0.2, 0.25, and 0.3 wt. %.  The 
pH of these construct solutions varies as per Table S3.  High cellular density constructs in Figure 
2 and 3 correspond to samples made with OD600 = 1.4 and 0.3 wt. % chitosan, while low cellular 
density constructs in Figure 2 and 3 were made from cells with OD600 = 1.0 and 0.05 wt. % 
chitosan.  Chitosan was added to 200 μL S. epidermidis cells.  Constructs equilibrated for two 
hours prior to imaging.  We decreased the pH of the low-density bacterial constructs (0.05 wt. % 
chitosan, pH=5.3±0.1) to pH = 4.4 by adding 40 μL 0.3 M Acetic Acid.  We increased the pH of 
the high-density bacterial constructs (0.3 wt. % chitosan, pH=4.3 ± 0.02) to 7.3 by adding 18 μL 
1 M KOH.  We waited 3 hours after the pH was changed before imaging the constructs.  
Separately, the phase stability of chitosan and S. epidermidis EPS in growth media was studied 
by tracking changes in absorbance at 600 nm (GENESYS 20, Thermo Scientific, Madison, WI) 
with pH. The transition from a stable to an unstable phase was marked at the pH where a five-
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fold increase in absorbance was first observed. The pH range of 4.5 and 6.7 studied here are 
within the reported pH range of in situ S. epidermidis biofilms (4.5-7.5)34,35,36.  
Table 3-3.  
Table 3-3: pH of bacterial constructs at each OD600 and chitosan concentration. This table is 
reprinted from the submitted paper of [E.J. Stewart, M. Ganesan, J.G. Younger, & M.J. Solomon].  
Chitosan (wt.%) 
OD600 







0 6.7 ± 0.03 6.3 ± 0.05 5.5 ± 0.2 
0.05 5.7 ± 0.03 5.4 ± 0.04 4.9 ± 0.1 
0.1 5.1 ± 0.003 5.1 ± 0.2 4.7 ± 0.04 
0.2 4.6 ± 0.02 4.6 ± 0.02 4.5 ± 0.03 
0.25 4.5 ± 0.01 4.5 ± 0.02 4.4 ± 0.02 
0.3 4.4 ± 0.003 4.4 ± 0.01 4.3 ± 0.02 
 
3.3.6 Biofilm growth conditions  
 Unstressed biofilms with heterogeneous density phenotypes were grown by passing TSB 
with 1 wt. % glucose added through a flow cell with a shear stress of 0.01 Pa, as per ref 9.  S. 
epidermidis RP62A and S. aureus SH1000 biofilms used to investigate the effect of pH changes 
on biofilm mobility and mechanics were grown in NuncTM Lab-TekTM II Chambered Coverglass 
dishes (Thermo Scientific, USA) for 18 hours at 60 RPM at 37°C.  Each well contained a single 
bacterial colony and 400 μL TSB with 1% glucose added.  After the biofilm containing dishes 
were removed from the incubator they were stained with LIVE/DEAD (Molecular Probes, Inc., 
Eugene, OR).  Concentrations of 4 μM Syto9 and 25 μM Propidium Iodide were used.  To 
induce pH changes to the naturally occurring biofilms, the growth media was replaced with 400 
μL TSB with 1 wt. % glucose added with a pH adjusted to 3, 7, or 10.  pH was adjusted using 0.3 
M acetic acid or 1 M KOH.  Media was allowed to incubate with the biofilm at room 
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temperature for 4 hours before imaging occurred.  The final pH values within pH-modified 
constructs are found in Table 3-4.    
Table 3-4: Final pH of pH-modified biofilms.  This table is reprinted from the submitted paper of 
[E.J. Stewart, M. Ganesan, J.G. Younger, & M.J. Solomon]. 
 S. epidermidis S. aureus 
Naturally occurring biofilm 5.0 ± 0.1 4.55 ± 0.01 
4 hours after pH 3 media is added 4.1 ± 0.1 3.8 ± 0.1 
4 hours after pH 7.1 media is added 6.10 ± 0.04 5.9 ± 0.2 
4 hours after pH 10 media is added 7.3 ± 0.1 6.9 ± 0.3 
 
3.3.7 CLSM imaging and analysis  
Bacterial constructs and biofilms were imaged using a Nikon A1Rsi confocal laser 
scanning microscope with a 100x, 1.45 NA, oil immersion objective lens.  The excitation 
wavelength was 488 nm for the Syto9 and 633 nm for the AlexaFluor 633 WGA.  Three-
dimensional image volumes of size 31 x 31 x 5-23 μm3 and time series of 150 two-dimensional 
images with size 31 x 31 μm2 were collected at 15 frames per second.  Local number densities, 
radial distribution functions, and mean squared displacements were computed from bacterial 
centroids identified by image analysis 37.  Bacterial centroids were resolved to within ± 35 nm in 
the object plane and ±45 nm in the axial plane 38.  For the characterization of the MSD, we found 
the lower limit of the instrument sensitivity to be <Δx2(Δt)>min = 4.5 x 10-4 μm2 by tracking fully 
immobilized bacteria at the coverslip of an arrested sample.  There is a small abundance of 
initially flocculated bacteria in some of the samples.  These flocs are not indicative of the 
dynamics that determine the construct microrheology.   We account for the presence of flocs in 
two ways.  First, the 1% of trajectories that are most immobilized at each condition probed were 
discarded from further analysis.   Second, the error in the average <Δx2(Δt)> due to the flocs 
within the initial cultures was estimated.  To determine this error, we resolved the van Hove self-
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correlation function of displacement into initially flocculated (slow) and bulk bacterial (fast) 
contributions.  We performed this operation for ten different time points of three samples, one 
from each optical density, as per the methods of 39.  From the Gaussian distributions of 
flocculated and bulk bacterial populations, we estimated <Δx2(Δt)> for each population.  The 
bulk bacterial subpopulation <Δx2(Δt)> was plotted in Fig. 3A, 4C, and 4E.  As a control 
measurement: the removal of the flocculated bacteria from the average free bacteria <Δx2(Δt)> 
only increased the <Δx2(Δt)> by a factor of 4, while the <Δx2(Δt)> of the flocculated population 
was 15 times less than the average.  Thus, the average <Δx2(Δt)> within all samples is 
representative of the bulk (fast) bacteria.   
3.4 Results and Discussion 
We first assessed the mechanical properties of the primary components of a naturally 
occurring biofilm. Figure 3-2 reports the mechanical properties of biofilms formed by the 
commonly isolated opportunistic, nosocomial pathogen Staphylococcus epidermidis 40. S. 
epidermidis biofilm EPS consists predominantly of the polysaccharide intercellular adhesin 
(PIA)–an EPS component known to mediate the virulence, resistance, dissemination and 
eradication of S. epidermidis biofilms 41. The creep compliance, J(t), of a mature S. epidermidis 
biofilm is characteristic of a viscoelastic solid (Fig. 3-2A).  The extracellular polymers 
synthesized by S. epidermidis – either polysaccharide intercellular adhesin (PIA) or the entire 
acellular EPS 41 – show only a viscous response at their in situ stoichiometry, contrary to the idea 
that exopolymers determine biofilm mechanics 42, 43.  Other measures, such as the viscosity (Fig. 
3-2B) and the storage and loss moduli (Fig. 3-2C, 3-2D) confirm that neither PIA nor EPS 
exhibit the rheology of a mature biofilm.  Thus, there is, presumably, a phenomena that then 
mediates an interaction between these secreted polymers and the multi-cellular microbial 
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communities, that results in an viscoelastic composite as seen from both the DWS and shear 
rheometry data in Fig. 3-2.  Traditional biofilm experiments are limited in understanding this 
phenomena mediating the interactions of biofilm components due the limited ability to control 
concentrations of both cells and matrix materials.   
Self-assembly is the process by which individual constituents organize into structures as a 
result of their physical interactions.  We hypothesize that biofilm viscoelasticity emerges from 
the physical self-assembly of its constituent cellular and polymeric components.  This self-
assembly – independent of genetic control – induces self-organization of volumes containing 
thousands of cells.  Biofilm morphology and viscoelasticity are then the consequence of 
processes akin to those of attractive colloids, whose self-organization yields heterogeneous, 
viscoelastic structures 42,44.    
To test this, planktonic bacterial cells and abacterial proxies for the polysaccharides, 
proteins, and DNA that comprise the EPS were mixed at in situ stoichiometry (Table 3-2) to 
create artificial biofilms (Fig. 3-2E) in tryptic soy broth with 1wt. % glucose.  Crucially, the 
abacterial proxies eliminated genetic regulation as an explanation of the artificial biofilm 
morphology and mechanics.  Additionally, self-assembly experiments allowed for control of 
cellular and matrix components as well as the solvent environment.  Specifically, in place of 
PIA, we used the N-acetylglucosamine glycan chitosan that is a product from crustacean shells, 
which differs from PIA only in glycosidic linkages 21, 45.  We varied chitosan concentration 
between 0.05 and 0.3 wt. %, representative of in situ PIA; this step also introduced pH variation.  
Similarly, bovine serum albumin (BSA) derived from cows and λ-DNA derived from lambda 
phage virus replaced biofilm extracellular proteins and DNA, as the corresponding abacterial 
proxies (Fig. 3-3).      
  50 
 
 
Figure 3-2: Mechanical properties of S. epidermidis biofilms and its constituent polymers. (A to D) 
Creep compliance, J(t) (A), viscosity, η 0, (B), storage modulus, G’, (C) and loss modulus, G”, (D) of 
PIA(0.016 g/mL), EPS (containing PIA at 0.016 g/mL) and cultured S. epidermidis biofilms.  Bulk 
biofilm data are from 6 (E) Process to create biofilm-like bacterial constructs.  This figure is 
reprinted from the submitted paper of [E.J. Stewart, M. Ganesan, J.G. Younger, & M.J. Solomon].  
This figure was created by Mahesh Ganesan.   
 




Figure 3-3: MSD of artificial EPS Constructs.  The 〈Δx2(Δt)〉  of the constructs with 0.3 wt. % 
chitosan and the 0.3 wt. % chitosan with λ-DNA and BSA or artificial EPS constructs are similar to 
one another as is the case with the 0.05 wt.% chitosan and 0.05 wt. % artificial EPS.  Thus, the 
effects of the λ-DNA and BSA are small compared to that of the chitosan. This figure is reprinted 
from the submitted paper of [E.J. Stewart, M. Ganesan, J.G. Younger, & M.J. Solomon].  
 
 Artificial high cellular density biofilms were self-assembled using an initially dilute 
suspension of cells and chitosan at 0.3 wt. % and pH=4.3 ± 0.02 (Fig. 3-4A, Fig. 3-4B).  The 
number density of cells was 0.162 ± 0.001 cells/µm3, similar to the naturally occurring high-
density phenotype of S. epidermidis (0.2 cells/ µm3 or greater) 9. A 3D confocal laser scanning 
microscopy (CLSM) rendering of bacterial centroids within the artificial biofilm shows that the 
cells span the volume heterogeneously, like natural biofilms7,8 (compare Fig. 3-4A to 3-4D, Fig. 
3-4B to 3-4E, and Fig. 3-4C to 3-4F).  
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The cellular radial distribution function, g(r) – the probability of finding a cell at a 
distance r from a reference bacterium – quantifies the microscale morphology 9.  The high-
density construct g(r) is characteristic of a densely packed, disordered microstructure (Fig. 3-
4G).  The peak at r = 0.5 µm is due to cell division while the peak at r = 1.0 µm matches the 
primary g(r) peak of natural biofilms of the equivalent density phenotype (Fig. 3-4H).  
Artificial low cellular density biofilms (local number density = 0.017 ± 0.002 cells/ µm3) 
were created from initially dilute planktonic cells and chitosan at 0.05 wt. % and pH = 5.3 ± 0.1.  
These constructs were qualitatively more clustered than high density constructs, and had cellular 
densities that matched natural low-density phenotype biofilms (0.06 cells/µm3 or less).  They 
displayed open structures (Fig. 3-4I, 3-4J) and were spatially heterogeneous (Fig. 3-4K) like their 
natural equivalents (Fig. 3-4L, 3-4M, 3-4N).  The g(r) peak values of 14 for the constructs and 18 
for the natural system confirm their similarity (Fig. 3-4O, 3-4P).   
Thus, Fig. 3-4 shows that the microstructure of bacterial biofilms is not necessarily 
mediated through genetic processes alone, as shown by using self-assembly of an abacterial 
polymeric component and cells to create microstructures that match natural biofilms.  Previous 
work on biofilms has not accounted for self-assembly as a factor dictating observed structures.  
The mean squared displacement, 〈Δx2(t)〉, of cells in the bacterial-chitosan construct 
characterizes its rheology 46.  Cells of the high density construct are less mobile than planktonic 
cells but the near-linear increase in 〈Δx2(t)〉 indicates viscous behavior (Fig. 3-5A). Natural 
biofilms however exhibit a plateau in 〈Δx2(t)〉 (Fig. 3-5A), characteristic of elastic behavior.  
Cells in the low density construct show nearly time independent 〈Δx2(t)〉, consistent with 
an elastic modulus ∼ 2.6 Pa (Fig. 3-5A).  Native S. epidermidis biofilms have an elastic modulus 
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of ~ 3.7 Pa, as inferred from the plateau in Fig. 3-2A.  This difference between construct and 
biofilm modulus is small compared to the ~ 104 variability reported for natural biofilms 4.  
 
Figure 3-4: Microstructure of high and low cellular density S. epidermidis-chitosan constructs and 
biofilms.  Left half compares high cellular density constructs (pH = 4.3) and high-density biofilms; 
right half compares low cellular density constructs (pH = 5.3) and low-density biofilms.  First and 
second rows: CLSM images of (A and B) high cellular density bacteria-chitosan constructs; (D and 
E) high-density biofilms, (I and J) low cellular density constructs, and (L and M) low-density 
biofilms.  Third row (C, F, K, and N): volume renderings of bacterial positions.  Fourth row: g(r) of 
(G) high cellular density constructs, (H) high-density S. epidermidis biofilms, (O) low cellular 
density constructs, and (P) low-density S. epidermidis biofilms.  Scale bars, 20 μm (A, D, I, and L) 
and 5 μm (B, E, J, and M).  This figure is reprinted from the submitted paper of [E.J. Stewart, M. 
Ganesan, J.G. Younger, & M.J. Solomon].  
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Figure 3-5: Effect of pH on dynamics of high and low cellular density bacterial constructs and 
chitosan.  (A) 〈Δx2(t)〉 , of planktonic bacteria and bacteria in high (pH = 4.3) and low (pH = 5.3) 
cellular density constructs compared with biofilm 〈Δx2(t)〉  inferred from ref 6.  (B) 〈Δx2(t)〉  of high 
cellular density constructs before (pH = 4.3) and after (pH = 7.3) pH is increased, and low cellular 
density constructs before (pH = 5.3) and after (pH = 4.4) pH is decreased.  (C) J(t) of high and low-
density constructs before and after pH changes; arrows indicate the direction of pH change. The 
upper dotted line is J(t) of planktonic cells. The dotted dashed lines bound the J(t) observed for S. 
epidermidis biofilms 6.  (D) CLSM image of cells and 0.05 wt. % chitosan at pH = 5.3. (E) CLSM 
image of cells and 0.3 wt. % chitosan at pH = 4.3.  (F) 0.05 wt. % chitosan in tryptic soy broth 
(TSB) with 1 wt. % added glucose. (G) 0.3 wt. % chitosan in TSB with 1 wt. % added glucose.  
Scale bars, 10 μm (D, E, F, and G).  This figure is reprinted from the submitted paper of [E.J. 
Stewart, M. Ganesan, J.G. Younger, & M.J. Solomon].  Panel C was created by Mahesh Ganesan.   
 
It is remarkable that the cells in the low-density construct (0.05 wt. % chitosan) are 
localized, consistent with a viscoelastic biofilm, while cells in the high-density construct (3.0 wt. 
% chitosan) are not localized.  There is no indication of this dynamical difference in the 
microstructure reported in Fig. 3-4.  Thus, cellular localization and elasticity of the bacterial-
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chitosan constructs are correlated neither with increased cell density nor chitosan concentration 
(Fig. 3-6).  
 
Figure 3-6: Dynamics of other bacteria and chitosan concentrations probed.  (A) Phase diagram of 
construct mobility, per visual observation, in which three dynamical regimes exist.  The first regime 
is that of fully mobile planktonic bacteria; the second is the arrested state of the 0.05 wt. % chitosan 
constructs; the third is a slowed state, present between 0.1 and 0.25 wt. % in which dynamics are 
intermediate to the planktonic and arrested states. (B) <Δx2(Δt)> of constructs with all chitosan 
concentrations probed.  There is a transition region between the arrested state of the 0.05 wt. % 
chitosan constructs and the 0.3 wt. % chitosan where the mobility increases to nearly that of the 
planktonic cells before decreasing to the slowed state of the 0.3 wt. % chitosan constructs.  This 
figure is reprinted from the submitted paper of [E.J. Stewart, M. Ganesan, J.G. Younger, & M.J. 
Solomon].  
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Instead, pH of the artificial biofilm controls whether it is viscous or elastic.  When pH of 
the high cellular density construct was increased from 4.3 to 7.3, the cellular 〈Δx2(t)〉 transitioned 
from viscous diffusion to elastic localization (Fig. 3-5B).  Analogously, when pH of the low-
density bacterial construct was decreased from 5.3 to 4.4, the mobility of cells increased and 
approached that of free bacteria (Fig. 3-5B).  J(t) of both high and low-density constructs at a 
pH= 4.4 was just below that of free bacteria (Fig. 3-5C).  When the pH is 5.3 and 7.4 for the low- 
and high-density constructs, respectively, J(t) approximates that of native biofilms (Fig. 3-5C). 
Visualization of chitosan within the arrested and mobile constructs reveals the effect of 
pH (Fig. 3-5D, 3-5E).  At pH = 5.3, chitosan formed a stringy network between the bacterial 
cells that visibly spanned the image volume (Fig. 3-5D).  However, at pH=4.3, the stringy 
chitosan network was absent, due to the molecular-level dispersion of chitosan (Fig. 3-5E).  
Control experiments without cells (Fig. 3-5F, 3-5G) confirmed the pH effect.  Thus, at low pH 
(4.3), the polymer is stable and uniformly dispersed.  At high pH (5.3) the polymer is unstable 
and present as an aggregated, stringy network.   
Figures 3-4 and 3-5 support the central role of self-assembly in producing biofilm 
structure and dynamics.  Specifically, the solvent pH mediated chitosan phase instability yields 
polymer aggregation (Fig. 3-5D) that then dynamically arrests the S. epidermidis cells, and 
generates biofilm-like viscoelasticity.   
If chitosan phase instability is critical to the bacterial construct viscoelasticity, then EPS 
phase instability might also control the viscoelasticity of naturally occurring biofilms.  Figures 3-
7A, 3-7B compare the pH dependent absorbance of chitosan and S. epidermidis EPS.  Consistent 
with the results of Fig 3-5D-G, chitosan showed a significant increase in turbidity, as measured 
by the absorbance at pH ~ 7, marking a transition from a stable phase at low pH to an unstable 
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phase at high pH.  In the S. epidermidis EPS, the effect of pH on stability is reversed; the EPS is 
stable at high pH and unstable at low pH, with a transition at pH ~ 7.  This reversal generates a 
non-trivial prediction for S. epidermidis biofilm viscoelasticity, namely, that a change in natural 
biofilm pH from low to high will result in a loss of biofilm viscoelasticity.   
Figure 3-7C, 3-7D tests this prediction.  When the pH of a natural S. epidermidis biofilm 
was increased from 5.0 to 6.1, the biofilm bacteria remained arrested (Fig. 3-7C); however, at a 
pH of 7.3, mobility increased and approached that of planktonic bacteria (Fig. 3-7C).  This 
change in biofilm mechanics occurs at a pH where the EPS absorbance is low, consistent with 
thermodynamic stability of the EPS.    
A matrix of 0.3 wt. % chitosan becomes unstable at pH = 7.1, consistent with the 
transition from a mobile to an arrested construct between pH = 5.6 – 7.3 (Fig. 3-7D).  When EPS 
is the matrix, it transitions between stable and unstable phases at pH 7.  High-density S. 
epidermidis biofilms transition from their native arrested state to a viscous mobile state between 
pH= 6.2 - 7.0.  The antipodal pH dependence of the artificial constructs and natural biofilms is 
conserved in both their matrix stability (as measured by absorbance) and their mechanics (as 
measured by 〈Δx2(t)〉).   
Staphylococcus aureus biofilms secrete the same EPS polysaccharide as S. epidermidis47. 
When S. aureus biofilm pH was increased from 4.6 to 6.9, the 〈Δx2(t)〉 increased by a factor of 
four (Fig. 3-7E). This increased mobility indicates a weakening of the biofilm (Fig. 3-7F), just as 
for S. epidermidis, which shows that our finding holds true in multiple species of biofilms.   
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Figure 3-7: Effect of pH on the stability/mobility of chitosan, EPS, and natural biofilms.  
Absorbance versus pH of 0.3 wt. % chitosan (A) and 0.3 wt.% Staphylococcal biofilm EPS (B) in 
TSB.  (C) 〈Δx2(t)〉  of S. epidermidis planktonic bacteria, 18-hour biofilm, and 18-hour biofilms with 
pH adjusted to 4.1, 6.1, and 7.3.  (D) Comparison of 0.3 wt. % chitosan stability and the mobility of 
0.3 wt. % bacterial-chitosan constructs, as well as the stability of 0.3 wt. % EPS and the mobility of 
18-hour S. epidermidis biofilms at pH 4-10.  (E) 〈Δx2(t)〉  of planktonic cells, S. aureus 18-hour 
biofilm, and 18-hour biofilms with pH adjusted to 3.8, 5.8, and 6.9.  (F) Normalized J(t) of S. 
epidermidis and S. aureus biofilms at their native growth condition and after increasing the pH to 
7.3 and 6.9, respectively.  This figure is reprinted from the submitted paper of [E.J. Stewart, M. 
Ganesan, J.G. Younger, & M.J. Solomon].  Panels A, B, F and parts of D were created by Mahesh 
Ganesan.   
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Therefore, the Fig. 3-7 findings introduce self-assembly as a factor in both biofilm 
formation and dispersal.  First, the correlation between the EPS phase stability and the mechanics 
of the construct indicates that the viscoelasticity of biofilms is not just an additive effect of the 
individual mechanics of polymers and cells, but instead includes cross contributions generated 
by associations between polymeric species that are mediated by the state of the solvent 
environment. The presence of pH microenvironments within biofilms 11 and the self-association 
of PIA at low pH 21 indicate that bacteria produce polymers that exhibit poor solvent behavior in 
their growth environment.  Second, the presence of high and low density phenotypes that span 
viscous to elastic mechanics depending on local pH offers a possible explanation for the recently 
observed spatial variation of the compliance within bacterial biofilms 14.  Particularly, the 
presence of pH microenvironments and the connection of pH to EPS phase stability, could 
facilitate microbial survival by promoting either the formation or breakdown of biofilm 
elasticity. pH variation within the biofilm can be a consequence of metabolism; the role of pH in 
mediating biofilm elasticity presents an interesting coupling between metabolism and mechanical 
properties.   
 The finding that EPS phase stability controls biofilm morphology and mechanics 
therefore has both scientific and practical implications.  Scientifically, the presence of pH 
microenvironments in biofilms raises the interesting possibility of a relationship to the pH-
dependent stability of the biofilm EPS.  pH dependent EPS phase stability may also have 
implications for biofilm disassembly and dispersion—a poorly understood but broadly 
recognized phenomena of the biofilm lifecycle.  Finally, practically, the correlation between EPS 
stability and biofilm softening suggests a biofilm control strategy in which EPS solubilization is 
induced by pH change. 
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Chapter 4  
Effect of antimicrobial and physical treatments on growth of 
multispecies Staphylococcal biofilms** 
4.1 Abstract 
The prevalence and structure of Staphylococcus aureus and Staphylococcus epidermidis 
within their multispecies biofilms was found to vary depending on both the physical and 
antimicrobial environment.  Although these species commonly infect similar orthopedic 
infection sites, little is know about how they compete or cooperate with one another, particularly 
during treatment.  We find that S. aureus is much more prevalent than S. epidermidis when 
grown in common, unstressed, growth conditions—tryptic soy broth with 1% glucose at 37°C at 
neutral pH.   However, growth at higher temperature (45°C) resulted in an environment where S. 
aureus became more porous.  This porosity allowed S. epidermidis to colonize more of the 
surface.  Alternatively, variations in the pH environment resulted in increased prevalence of S. 
epidermidis at low pH (5, 6), while S. aureus remained the dominant species at high pH (8, 9).  
Application of different vancomycin dosages generated variable behaviors: S. epidermidis is the 
more prevalent species at 1.0 μg/mL vancomycin, but reduced growth of both species occurs at 
                                                
** This chapter is in preparation for publication by [E.J. Stewart, D.E. Payne, B.R. Boles, J.G. Younger, & 
M.J. Solomon].   
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1.9 μg/mL vancomycin.  This variability is consistent with the different minimum inhibitory 
concentrations (MIC) of S. aureus and of S. epidermidis.  This work establishes the structural 
variability of multispecies staphylococcal biofilms as they undergo physical and antimicrobial 
treatments.  It therefore provides a basis for understanding the structures communities of these 
species may form at orthopedic infection sites.      
4.2 Introduction 
Staphylococci are a prominent cause of acute and chronic infections.  79% of orthopedic 
implant-associated infections are from staphylococcal species. Staphylococcus aureus is 
responsible for 34% of these infections while Staphylococcus epidermidis accounts for 32% of 
them1.  Both S. aureus and and S. epidermidis are non-motile, gram-positive cocci of the genus 
Staphylococcus.  Both species are capable of forming biofilms—structured communities of cells 
that are encapsulated in a matrix of polysaccharides, proteins, and DNA.  Biofilms have been 
shown to impact the persistence of chronic infections2.  Though S. aureus is considered to be 
more virulent than S. epidermidis, treatment of biofilms formed by both species is difficult due to 
the resistance of their biofilm phenotypes to antimicrobials or other treatment methods 2.   
Although biofilms formed from S. aureus and S. epidermidis are responsible for the 
majority of prosthetic joint infections 3, 4, the species may be introduced to the infection site at 
different times, since the onset of prosthetic joint infections varies from one patient to another.  
When a prosthetic joint infection occurs less than 3 months postoperatively, it is referred to as an 
early infection; most early infections are caused by S. aureus 3, 4.  Delayed infections of 
prosthetic joints occur between 3-24 months postoperatively, and are frequently caused by less 
virulent bacteria, such as S. epidermidis 3, 4.  Late infections occur at times greater than 24 
months postoperatively and are mainly caused by haematogenous seeding—where the bacteria 
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are introduced to the infection site via the bloodstream—or reoccurrence of inadequately treated 
early infections 3, 4.  Haematogenous seeding is especially high for patients with S. aureus 
bacteremia 5.  The occurrence of prosthetic joint infections breaks down in the following way: 
29% are caused by early infection, 41% are caused by delayed infection, and 30% are caused by 
late infection 6.  The majority of these infections are culture positive for only one organism; 
however, 10-16% are classified as polymicrobial 1, 4, and 10-11% of these infections have no 
detected microorganisms 4.    
In addition to being found at the same sites of prosthetic joint infections, S. aureus and S. 
epidermidis also colonize the human nares (nostrils) 7.  S. aureus  persistently or intermittently 
resides in the nasal cavity of 50% of the population 7, and its presence in the nasal cavity has 
been linked to S. aureus bacteremia 8.  When compared to a healthy population, in-patient nasal 
microbiotas are enriched in S. aureus and S. epidermidis 7.  Within the in-patient population, the 
abundance of S. aureus was negatively correlated with the abundance of S. epidermidis 7.  When 
S. epidermidis was the dominant species within the in-patient nares, S. epidermidis was 43.7% of 
the microbiota and S. aureus was 0.1% of the microbiota 7.  When S. aureus was dominant in the 
in-patient population, it made up 46.1% of the microbiota and S. epidermidis was 8.2% of the 
nasal microbiota 7.  One study indicated that the excretion of serine protease Esp from a subset of 
S. epidermidis species inhibits biofilm formation and nasal colonization of S. aureus 9.   
Polymicrobial biofilm communities are known as multispecies biofilms.  Most studies of 
biofilms involve a single species; however, in many natural environments biofilms grow in 
structured multispecies communities10, 11.  The presence of multiple species is able to impact the 
development and shape of the community 12.  The interactions between species within a 
multispecies biofilm can be competitive or cooperative 12, 13, and the spatial heterogeneity that 
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results from the interactions between species can impact the ability of cells to communicate with 
one another 12.  Multispecies biofilms are typically organized in one of three general ways.  They 
can be organized into single species microcolonies where each species is clustered together 12.  
The two species can co-aggregate and form a biofilm that has cells of each species located next 
to one another.  Finally, layering can occur, where one species is found in the upper layers and 
another is found in the lower layers 12.  The structural behavior between the species has also been 
shown to be dependent not just on the presence of the additional species, but also on the 
environmental surroundings of the organisms 12.  Structures within multispecies biofilms have 
been analyzed through the use of COMSTAT—a computer program developed in MatLab to 
quantify biofilm structures such as thicknesses or biomass volumes 14.  Specific features that 
have been quantified within multispecies biofilms are the biomass volume of each bacterial 
population 15, the distribution of distances between the surfaces of microcolonies of different 
species 16, and the distribution of biomass at various depths within the sample 17.  
Biofilms can be controlled through the use of a variety of treatment methods.  Clinically, 
S. aureus and S. epidermidis biofilm infections are commonly treated using the antibiotic 
vancomycin 2.  Sub-lethal concentrations of vancomycin also produce S. epidermidis biofilms 
with open, porous structures 18.  High temperatures (45°C) have recently been reported as a 
potential treatment method for S. aureus and S. epidermidis19, and temperature has been shown to 
have an effect on the mechanical properties of the biofilm 20.  Temperatures as high as 45°C have 
safely been used in hyperthermia treatment of cancer cells 21, 22; thus, temperature treatment may 
be a viable treatment method for bacterial infections as well.  Increased pH (> 7) has also been 
shown to soften the mechanical properties of S. aureus and S. epidermidis biofilms when used as 
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a treatment after biofilms have formed 23.  Low pH may be an opportune growth environment for 
S. epidermidis since it typically resides on the skin where pH is 4.0-7.0 24.   
 In this work, we evaluate the spatial structure of S. aureus and S. epidermidis in 
multispecies biofilms grown in a variety of physical and antibiotic treatment conditions.  Due to 
the prevalence of both species in prosthetic joint infections and the nares, there is ground to 
consider the degree to which each of these organisms impacts the growth and structure of the 
other when they form a multispecies community.  We pose the following questions through our 
work:  A) How are the structure and cellular growth kinetics of single species biofilms of S. 
aureus and S. epidermidis impacted by the introduction of an additional species?  B) How do 
physical (temperature and pH) and sub-lethal antibiotic (vancomycin) treatments affect the 
typical organization of a S. aureus and S. epidermidis multispecies biofilm?   
We find that S. aureus is the dominant species within multispecies biofilms grown in 
unstressed conditions; however varying the growth environment can significantly shift the S. 
aureus dominance.  Understanding the general growth behavior of these multispecies 
communities with and without treatment creates a basis for understanding the effects – intended 
or not – that treatment methods may have on an infection site if more than one species of bacteria 
is present.           
4.3 Materials and Methods 
4.3.1 Bacterial strains 
S. aureus SH 1000 (BB 386) 25 was used..  It is a commonly used model strain of S. 
aureus 26.  Colonies of S. aureus were cultured on tryptic soy agar (TSA).   
  68 
S. epidermidis 1457/pCM29 (AH2982) was used as the S. epidermidis strain in our 
experiments (kindly provided by A. Horswill, University of Iowa).  S. epidermidis 1457 
transformed with pCM29 27—a green fluorescent protein(GFP) reporter with a sarA P1 promotor, 
which is maintained in tryptic soy broth(TSB) or TSA supplemented with 10 μg/mL 
chloramphenicol—was chosen due to its ability to constitutively express GFP.  S. epidermidis 
1457 is a commonly used biofilm forming strain of S. epidermidis.  Colonies of S. epidermidis 
were cultured on TSA with 10 μg/mL chloramphenicol.  We chose a strain of S. epidermidis with 
a fluorescent reporter in order to distinguish S. epidermidis cells from S. aureus cells within 
multispecies biofilms that were grown.  
4.3.2 Single and multispecies biofilm growth conditions  
Biofilms were grown in NuncTM Lab-TekTM II Chambered Coverglass dishes (Thermo 
Scientific, USA) for 18 hours at 60 RPM at 37°C, unless otherwise noted.    We grew single 
species biofilms by inoculating a single colony of either S. aureus SH1000 or S. epidermidis 
1457/pCM29 in 400 μL of tryptic soy broth with 1% glucose (TSBG).  For multispecies biofilms, 
we inoculated a single colony of S. aureus SH1000 and a single colony of S. epidermidis 
1457/pCM29 in the growth media.  After 18 hours, bacteria were stained with 5 μM Syto 59 
(Molecular Probes, USA) for 30 minutes prior to imaging.  Syto 59 was chosen for staining 
bacteria because the excitation and emission are 622 nm and 645 nm, respectively.  These are 
much higher than the excitation and emission of GFP, which enables us to distinguish the S. 
epidermidis cells from the S. aureus cells in the multispecies biofilms.  S. epidermidis is 
identified by the GFP and S. aureus is located by identifying regions where Syto59 is present, 
but GFP is not.  Three replicates were performed for each growth condition.   
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4.3.3 Biofilm kinetics  
Biofilm kinetic experiments were performed by growing single (S. aureus alone; S. 
epidermidis alone), and multispecies (S. aureus with S. epidermidis) biofilms for 1, 2, 4, 6, 12, 
and 18 hours in 400 μL of TSBG.  Three replicates were performed at each time point for each 
single and multispecies biofilm.     
4.3.4 Temporal addition of species to biofilm 
Multispecies biofilms were grown for which either S. aureus or S. epidermidis was given 
a lead time of 1, 2, 4, 6, 9, 12, or 15 hours before the second species of bacteria, S. epidermidis 
or S. aureus, respectively, was introduced through inoculation of a single colony in the 
supernatant of the biofilm well.  These multispecies biofilms were grown for a total of 18 hours 
at 37°C in 400 μL TSBG.  Each experimental condition was performed in triplicate.   
4.3.5 Sub-lethal antibiotic, temperature, and pH biofilm growth conditions 
We considered single and multispecies growth in sub-lethal vancomycin growth 
conditions.  We grew biofilms in both 1.0, and 1.9 μg/mL vancomycin to determine the effect of 
varying concentrations of sub-lethal vancomycin.  Vancomycin is an antibiotic commonly used 
to treat both S. aureus and S. epidermidis infections 2.   
Single (S. aureus alone; S. epidermidis alone), and multispecies (S .aureus and S. 
epidermidis) biofilms were grown in triplicate for 18 hours in TSBG at 45°C and compared to 
biofilms grown at 37°C.    
 We grew single (S. aureus alone; S. epidermidis alone), and multispecies (S. aureus and 
S. epidermidis) biofilms for 18 hours at 37°C in TSBG with a pH adjusted to pH = 5, 6, 8, or 9.  
pH was adjusted using 1 M HCl to lower the pH and 1 M NaOH to increase the pH.  We probed 
  70 
this range of pH values, because S. epidermidis biofilms have been found to grow at pH values 
ranging from 4.5-7.5 28, and planktonic S. aureus growth has been shown to decrease as pH drops 
from 7 to 4.5 29.  Additionally, staphylococcal biofilms treated with higher pH media have been 
shown to soften their mechanical properties at higher pH 23.  Three replicates were performed for 
each pH growth condition.   
4.3.6 Confocal Laser Scanning Microscopy Imaging and Analysis 
We imaged samples using a Nikon A1Rsi confocal laser scanning microscope with a 
100x, 1.45 NA, oil immersion objective lens.  The excitation wavelength was 488 nm for the 
GFP within the S. epidermidis samples, and 641 nm for the Syto59.  The GFP channel was used 
for identifying S. epidermidis, while the Syto59 was used for identifying the total biomass since 
it stains both the S. aureus and the S. epidermidis  cells.  Three-dimensional image volumes of 
size 128 x 128 x ~3-15 μm3 were collected for each biofilm grown and used to assess biofilm 
growth.  Most biofilm volumes were 10-15 μm high.  Volumes that were ~3 μm were only 
obtained when growth was sparse i.e.) at short times (< 4 hours) or in high stress growth 
conditions (1.9 μg/mL vancomycin).  Total biomass of multispecies biofilms was assessed using 
Syto 59, which stains the eDNA of all cells present, and S. epidermidis biomass was evaluated 
by the presence of GFP.   
Images were inspected visually to determine the trends within the data.  Images 
representative of each condition are reported in the figures.  For projections of representative 
CLSM biofilm volumes, the Z project tool is used in ImageJ to create a composite image where 
the sum of the pixels from all the slices is displayed.  Biomass within image volumes was 
quantified using the computer program COMSTAT (a program developed in MatLab to quantify 
biofilm structures14).   The average biomass from three samples and the standard error of the 
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mean are reported.  Biomass was determined for the Syto 59 channel and the GFP channel of 
each image.  The total biomass is reported using the Syto59 channel.  S. epidermidis biomass is 
reported as the GFP channel.  S. aureus biomass is approximated by subtracting the GFP channel 
from the Syto 59 channel.  
4.4 Results and Discussion 
 Our results yield a comparison of the prevalence of S. aureus and S. epidermidis in 
multispecies biofilm grown at a variety of physical (T and pH) and antibiotic (vancomycin) 
growth conditions.  We first conduct a kinetic study to determine the typical behavior of S. 
aureus and S. epidermidis in single and multispecies biofilms grown in an unstressed growth 
environment (37°C, pH =7).  We then consider multispecies biofilm growth at sub-lethal 
vancomycin concentrations (1.0, 1.9 μg/mL), an elevated temperature (45°C), and increased and 
decreased pH values  (pH = 5, 6, 8, 9).  Using the results from the unstressed condition, we 
assess the deviations from the norm that occur at the physical and antibiotic treatment conditions.   
4.4.1 Kinetics of single and multispecies growth  
To provide a baseline for studying multispecies biofilms, we considered the kinetic 
growth of S. aureus and S. epidermidis single species biofilms and compared this kinetics with 
the growth of multispecies biofilms consisting of S. aureus and S. epidermidis.  Based on the 
planktonic growth curves of S. aureus and S. epidermidis (Fig. 4-1A), we expected that S. aureus 
biofilm development would be faster than S. epidermidis biofilm development.  We found that it 
took S. aureus ~ 4 hours to colonize the majority of the substrate surface (Fig. 4-1B), while S. 
epidermidis took ~8 hours to form a contiguous biofilm (Fig. 4-1C).  Thus, our hypothesis based 
on the growth rates of the planktonic species was validated.  This aligned with previous work 
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showing that S. aureus colonizes surfaces more rapidly than S. epidermidis on different 
surfaces30.   
After 18 hours both S. aureus and S. epidermidis biofilms were structurally similar with 
densely packed and space-spanning structures similar to those previously observed in unstressed 
biofilms that were grown in flow cells 18 (Fig. 4-1D, 4-1E).  The 18 hour S. aureus and S. 
epidermidis biofilms had similar biomasses, where S. aureus had a biomass of 6.7±0.6 μm3/μm2 
and S. epidermidis had a biomass of 6.2±1.3 μm3/μm2 (Fig 4-1H).  
In the multispecies biofilm that consisted of both S. aureus and S. epidermidis, substrate 
coverage was obtained at ~4 hours of growth (Fig. 4-1F), which was similar to the time for 
substrate coverage in S. aureus biofilms.  After 18 hours the multispecies biofilm consisted 
mainly of S. aureus cells (Fig. 4-1G).  The overall biomass was 5.69±0.98 μm3/μm2, which was 
similar to that of the single species biofilms (Fig. 4-1H).  In 18 hour multispecies biofilms, S. 
aureus biomass was 5.66±0.98 μm3/μm2 and S. epidermidis growth was minimal with a biomass 
of 0.03±0.02 μm3/μm2 (Fig. 4-1H).     
Figure 4-2 shows the kinetic development of single and multispecies S. aureus and S. 
epidermidis biofilms.  The kinetics of the multispecies biofilm appeared to be the additive 
accumulation of the single species until ~4 hours of growth at which the majority of the surface 
was covered by S. aureus, and then the S. aureus dominated the growth (Fig. 4-2).  Thus, in the 
common biofilm growth environment of tryptic soy broth with 1% glucose (TSBG) at 37°C and a 
pH of 7, S. aureus is the dominant species, densely packed, and spans the imaged volume.  In 
multispecies biofilms at this condition ( TSBG, 37°C, pH 7), S. epidermidis is in small clusters 
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that are not very connected to each other.  The total biomass is space filling and densely packed 
without many large pores present within the volume.    
 
 
Figure 4-1: Typical planktonic and single and multispecies biofilm growth of S. aureus and S. 
epidermidis. (A) Growth curves of planktonic S. aureus and S. epidermidis. (B) CLSM image of S. 
aureus substrate surface coverage at 4 hours. (C) CLSM image of S. epidermidis surface coverage at 
8 hours.  Sum of intensities from a 3D image volumes of (D) an 18 hour S. aureus biofilm, (E) an 18 
hour S. epidermidis biofilm.  (F) CLSM image of S. aureus and S. epidermidis surface coverage in a 
multispecies biofilm at 4 hours.  (G) Sum of intensities from a 3D image volume of an 18-hour 
multispecies biofilm. Scale bars: 20 µm.  (H) Plot of average biomasses in 18 hour S. aureus, S. 
epidermidis, and multispecies biofilms.  This figure is in preparation for publication by [E.J. 
Stewart, D.E. Payne, B.R. Boles, J.G. Younger, & M.J. Solomon].   
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Figure 4-2: Kinetic growth of S. aureus, S. epidermidis, and multispecies biofilms from 1 to 18 
hours. Sums of slices from confocal image volumes of representative S. aureus biofilms (left 
column), S. epidermidis biofilms (center column), and multispecies biofilms (right column) at the 
following time points: (A) 1 hr, (B) 2 hrs, (C) 4 hrs,  (D) 6 hrs, (E) 12 hrs, and (F) 18 hrs, where each 
row is labeled with a letter.  Scale bars: 20 µm.  This figure is in preparation for publication by 
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4.4.2 Temporally variable addition of second species to a single species biofilm  
Since S. aureus had a planktonic growth rate higher than that of S. epidermidis, it was not 
surprising that S. aureus was the dominant species within biofilms where both S. epidermidis and 
S. aureus were inoculated within the growth media at the same time.  Because S. epidermidis 
took ~8 hours to achieve full surface coverage of the substrate in a single species biofilm (Fig. 4-
1C), we hypothesized that S. epidermidis would require ~8 hours of lead-time to colonize the 
substrate of the biofilm, and allow S. epidermidis to be the dominant species within the 
multispecies biofilm.   
Figure 4-3 shows the temporal addition of S. epidermidis to S. aureus biofilms after 
giving S. aureus an inoculation lead-time of 1, 2, 4, and 6 hours (Fig. 4-33 A-H) and the 
temporal addition of S. aureus to S. epidermidis biofilms after S. epidermidis has been given a 
lead-time of 1, 2, 4, and 6 hours (Fig. 4-3I-P).  We found that S. epidermidis is able to become 
the dominant species within the biofilm if given a lead-time of 4-6 hours (Fig. 4-3K/O, 4-3L/P).  
It takes ~6 hours for the biofilm to be nearly all S. epidermidis (Fig. 4-3L/P), which is three 
times longer than the ~2 hours of lead-time necessary for S. aureus to nearly eliminate the 
population of S. epidermidis to only a few single cells (Fig. 4-3B/F).  In addition to the 
immediate understanding of the impact of temporal addition of a second species within our 
system, this result is valuable clinically since pathogens are not guaranteed to colonize a surface 
at the same time.  An example of this is haematogenous seeding at a previously infected site.  
Though the time scales of our experiments may not be the same as those found clinically, biofilm 
development may be slower at a prosthetic joint infection site as well and similar multispecies 
structures may be capable of developing at infection sites on different time scales.  Our work 
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suggests that the order of bacteria seeding and lead-time for single species growth at an infection 
site impacts the structure of the multispecies community.      
 
Figure 4-3: Temporal addition of second species to S. aureus and S. epidermidis multispecies 
biofilms. The top row shows multispecies biofilms where S. aureus has been given a lead-time of (A) 
1 hour, (B) 2 hours, (C) 4 hours, and (D) 6 hours before S. epidermidis is introduced.  (E-H) show 
the S. epidermidis growth (the GFP channel only) of the images immediately above them.  The third 
row shows multispecies biofilms where S. epidermidis has been given a lead-time of (I) 1 hour, (J) 2 
hours, (K) 4 hours, and (L) 6 hours before S. aureus is introduced.  (M-P) show the S. epidermidis 
growth (the GFP channel only) of the images immediately above them. The total growth is 18 hours 
for all sums of slices from 3D image volumes.  Scale bars: 20 µm.  This figure is in preparation for 
publication by [E.J. Stewart, D.E. Payne, B.R. Boles, J.G. Younger, & M.J. Solomon].   
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4.4.3 Effect of sub-lethal vancomycin on multispecies biofilms  
S. aureus and S. epidermidis infections are commonly treated with vancomycin 2.  
Vancomycin is an antibiotic that inhibits the formation of the bacterial cell wall and interferes 
with peptidoglycan synthesis in gram-positive bacteria 3.  The minimum inhibitory concentration 
(MIC)—the lowest concentration of antibiotic required to inhibit visible bacterial growth after 
overnight culture—is different for S. aureus than for S. epidermidis. The MIC of vancomycin for 
S. aureus is ~ 1 μg/mL; for S. epidermidis it is ~ 2 μg/mL 31.  We therefore investigated two sub-
lethal vancomycin concentrations: 1 μg/mL vancomycin, which is near the MIC of S. aureus, 
and 1.9 μg/mL, which is just under the MIC of S. epidermidis.  Figure 4-4 shows the behavior of 
multispecies biofilms at each of these vancomycin concentrations.        
When the concentration of vancomycin was 1.0 μg/mL, S. epidermidis was the dominant 
species.  S. epidermidis  grew a porous biofilm at this condition, but there  were still regions of S. 
aureus within the volume (Fig. 4-4A).  The regions of growth containing predominantly S. 
aureus seemed to have extracellular DNA present as indicated by the Syto59 not being localized 
to the interior of the cell, as shown by the bright pink regions within the image that are larger 
than regular cell size (Fig. 4-4B).  The total biomass at 1.0 μg/mL was similar to that of 
multispecies biofilms without vancomycin, but S. epidermidis is the dominant species instead of 
S. aureus (Fig. 4-4A, 4-4G).  This is consistent with our expectations since the vancomycin MIC 
for S. aureus is ~1 μg/mL and the vancomycin MIC for S. epidermidis is ~2 μg/mL 31.   
When the concentration of vancomycin was 1.9 μg/mL, a concentration just below the 
vancomycin MIC of S. epidermidis, the total biomass of all organisms was reduced (Fig. 4-4G).  
However, the growth was heterogeneous at this concentration of vancomycin.  In some cases 
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there was more S. aureus than S. epidermidis  (Fig. 4C) and in others there was more S. 
epidermidis than S. aureus  (Fig. 4D). To emphasize the prevalence of S. epidermidis in Fig. 4D, 
we show the S. epidemidis channel in Fig. 4E.  The degree to which growth was decreased varied 
as well with some volumes containing extremely sparse growth (Fig. 4F) and some with larger 
clusters of cells (Fig. 4C, 4D).   
The effectiveness of an antibiotic is dependent on the concentration.  Lethal antibiotic 
concentrations vary from one species to another.  Variations in the concentration of antibiotic 
reaching bacteria within a biofilm may prevent the growth of one species but allow another to 
prosper.  This work shows that variation in the sub-lethal concentrations of vancomycin yields 
different growth behavior for each species within multispecies biofilm communities.    
4.4.4 Effect of temperature on multispecies growth  
The effect of antibiotics becomes limited when bacteria form their biofilm phenotype; 
thus, novel prophylactic and therapeutic solutions are necessary 5.  Recent work has shown that 
increased temperatures may disrupt mature S. aureus and S. epidermidis biofilms and their 
mechanical properties19, 32.  Given this work for single species biofilms, we here investigate the 
effect of temperature on their multispecies biofilms. 
We found that when multispecies biofilms consisting of S. aureus and S. epidermidis 
were grown at 45°C, the biofilm that formed was more porous than multispecies staphylococcal 
biofilms grown at 37°C (compare Fig. 4-5A and 4-5B).  This increase in porosity corresponded 
with a decrease in the total biomass of the biofilm(Fig. 5C).  In particular, the S. aureus formed a 
less continuous structure at 45°C in comparison to the biofilms formed at 37°C.    The porous 
nature of the S. aureus biofilm at the substrate surface allowed for an increase S. epidermidis at  
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Figure 4-4:  Effect of sub-lethal vancomycin on multispecies biofilms.  (A) Sum of intensities from a 
CLSM volume of a multispecies biofilm grown in 1.0 µg/mL vancomycin (Volume height: 8.5 µm). 
Scale bar: 20 µm.  (B) Image of potential eDNA within multispecies biofilm grown in 1.0 µg/mL 
vancomycin.  The bright pink regions that are much larger than regular cell size are presumable 
eDNA.  Scale bar: 5 µm.  Sum of intensities from a CLSM image volume of a multispecies biofilm 
grown in 1.9 µg/mL vancomycin, where (C) S. aureus has outgrown S. epidermidis (Volume height: 
9.3 µm), (D) S. epidermidis has outgrown S. aureus (the S. epidermidis channel of this image is 
shown in panel E), (Volume height: 6.0 µm), and (F) growth is sparse in both species(Volume 
height: 6.3 µm).  Scale bars: 20 µm. (G) Plot of changes in total, S. aureus and S. epidermidis 
biomasses with vancomycin concentrations of 0, 1.0, and 1.9 µg/mL.  This figure is in preparation 
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the substrate surface.  This increase of S. epidermidis at the substrate surface is consistent with 
the increase in S. epidermidis biomass (Fig. 4-5C).   
Increased temperatures have been used in hyperthermia treatment of cancer cells 33.  Our 
result shows that hyperthermia treatments may also be a viable treatment for disrupting 
multispecies biofilm infections; however, this treatment would need to be augmented with an 
additional treatment approach.   
 
Figure 4-5: Effect of increased temperature on multispecies biofilms.  Sum of intensities of CLSM 
volumes of multispecies biofilms grown for 18 hours at (A) 37°C and (B) 45°C. Scale bars: 20 µm. 
(C) Plot of changes in total, S. aureus and S. epidermidis biomasses with temperature in multispecies 
biofilms.  This figure is in preparation for publication by [E.J. Stewart, D.E. Payne, B.R. Boles, J.G. 
Younger, & M.J. Solomon].   
 
4.4.5 Multispecies growth in varying pH conditions  
 Another potential approach for disrupting biofilms is pH treatment of biofilms.  Recently, 
both S. aureus and S. epidermidis biofilms mechanical properties have been softened through 
increasing the pH environment of the biofilm.  Adjustment of biofilm pH to greater than 7 was 
suggested as a potential treatment method for disrupting biofilms and softening their mechanical 
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4.0-7.0 24.  Thus, at low pH S. epidermidis may be capable of being the prevalent species and at 
high pH we may expect for the biofilm to be more sparsely populated due to the weakening of 
the biofilm mechanical properties at high pH 23.  S. aureus may be less densely populated at 
lower pH, since planktonic S. aureus growth has been shown to decrease as pH drops from 7 to 
4.5 29.   
We found that S. epidermidis dominates growth when multispecies biofilms are grown at 
lower pH conditions.   At pH 5, the biofilm became predominantly S. epidermidis (Fig. 4-6A, 4-
6F); additionally, the overall biomass was reduced compared to the biofilms observed at pH 7 
(Fig. 4-6C, 4-6F).  At pH 6, there was more S. epidermidis than in the control at pH 7; however, 
there were still large regions containing S. aureus (Fig. 4-6B, 4-6F).  The dominant behavior of 
S. epidermidis at low pH can be understood as a consequence of the S. epidermidis fitness for the 
low pH environment of the skin.  
When multispecies biofilms were grown at higher pH values, we found that S. 
epidermidis does not incorporate into the biofilm very well and remains predominantly in the 
planktonic form with S. aureus as the dominant organism.  Specifically, at pH 8, the biofilm 
behaves similarly to the multispecies biofilm grown at pH 7, where there are large regions of S. 
aureus with small clusters of S. epidermidis throughout the biofilm (Fig. 4-6D, 4-6F).  At pH 9, 
S. aureus remains the dominant species in the biofilm (Fig. 4-6E, 4-6F).  
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Figure 4-6: Effect of pH on multispecies biofilms.  S. aureus and S. epidermidis multispecies biofilms 
grown at: (A) pH 5, (B) pH 6, (C) pH 7,  (D) pH 8, and (E) pH 9.  Images are sums of all images in a 
CLSM image volume.  Scale bars: 20 µm. (F) Plot of changes in total, S. aureus and S. epidermidis 
biomasses with pH.  This figure is in preparation for publication by [E.J. Stewart, D.E. Payne, B.R. 
Boles, J.G. Younger, & M.J. Solomon].   
 
4.5 Conclusions  
 This work shows that the behavior of multispecies S. aureus and S. epidermidis biofilms 
varies greatly from one environmental growth condition to another.  In common unstressed 
growth conditions (37°C, pH 7) S. aureus is the dominant species.  S. aureus also outgrows S. 
epidermidis in conditions of high pH (8, 9) and high temperature (45°C).  S. epidermidis was the 
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dominant species at low pH (5) and low concentrations of vancomycin (1.0 μg/mL).  In a 
vancomycin concentration near the MIC of S. epidermidis (1.9 μg/mL), the overall biomass 
decreased; however, the species dominance varied and produced behaviors where sometimes the 
S. aureus grew more than S. epidermidis and vice versa.  Understanding the general behavior of 
multispecies communities with and without treatment allows for understanding the unintended 
effects treatment methods may have on an infection site with more than one species present.         
 Since S. aureus and S. epidermidis single and multispecies biofilms may form on a 
variety of substrate surfaces, it would also be of interest to determine if substrate surfaces impact 
the structures of the multispecies biofilms that form from S. aureus and S. epidermidis.  
Additionally, other species of bacteria are capable of infecting these sites and could be added to 
these multispecies biofilm to consider how a third bacterial species impacts the structures formed 
by these species.  
Beyond adding virulent pathogens to these communities, non-virulent pathogens could be 
studied with S. aureus, S. epidermidis or S. aureus and S. epidermidis multispecies biofilms to 
aid in the development of probiotic treatments for preventing biofilm infections.  Probiotic 
treatment to eliminate growth of virulent pathogens has been gaining traction as a strategy for 
eliminating biofilm infections, especially since probiotic treatments have successfully been used 
for treating altered bowel flora 34.  Our work shows that the seedtime and growth environment of 
the organism used to displace the pathogen is critical to the displacement of the organism.  For 
example, a probiotic solution that grows at a low pH may be a viable solution to displace S. 
aureus biofilm growth; however, this will not be effective against preventing S. epidermidis 
growth.  S. aureus and S. epidermidis can coexist within biofilms together and this work has 
  84 
established a basis for further understanding the interactions between these two species in 
additional treatment conditions.    
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Chapter 5  
Role of sample thickness in label-free visualization of Staphylococcus 
epidermidis biofilm microstructure with confocal Raman microscopy 
5.1 Abstract 
We found that label-free detection of Staphylococcus epidermidis biofilm cellular 
microstructure using confocal Raman microscopy is possible provided that specimens are thin 
and not more than a few cell layers thick.  Confocal Raman microscopy allowed for label-free 
detection of cellular related material, as indicated by –CH3 peaks within a biofilm sample.  
Confocal Raman mapping was compared to bright field microscopy images to qualitatively 
evaluate the effectiveness of the mapping.  We identified that basis analysis of the Raman signal 
can be used to improve the clarity of biofilm-rich regions in thin biofilm samples.   
5.2 Introduction 
 Bacterial biofilms are structured communities of cells embedded in a matrix comprised of 
polysaccharides, proteins and DNA 1.  Staphylococcus epidermidis is a gram-positive bacterial 
species, which is a common member of the human skin flora 2.  S. epidermidis is one of the most  
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isolated bacterial pathogens involved in nosocomial (hospital-acquired) infections2.  The primary 
component of the S. epidermidis matrix is polysaccharide intercellular adhesion (PIA) 3.  Biofilm 
structure is important for mediating the transport of nutrients and antibiotics to the biofilm 4,5 as 
well as for mediating the mechanical properties of the biofilm, which have been shown to 
promote the resilience of biofilms 6,7.  Biofilm structure and heterogeneity have primarily been 
studied using fluorescence and confocal laser scanning microscopy 8,9,10,11.  However, imaging 
biofilms in this manner requires the use of fluorescent stains that bind to different components of 
the biofilm.  A common biofilm staining technique involves using the LIVE/DEAD® Bacterial 
Viability Kit for microscopy (Life Technologies, USA), where bacterial DNA is stained with 
Syto9 in live bacteria and stained with propidium iodide in dead bacteria.  Propidium iodide can 
also be used for visualizing the extracellular DNA (eDNA) of the biofilm12.  The polysaccharide 
matrix has been observed using wheat germ agglutinin tagged with a fluorophore13.  These 
fluorescence based imaging techniques allow for identification of specific features of the biofilm 
based on the ability of the stain to tag that feature.  Chemical information is only available if the 
stain is designed to selectively identify particular chemical moieties.    
Confocal Raman microscopy is a method that allows for chemical imaging of samples 
with spatial resolution 14.  Confocal Raman detects chemical signals at every pixel within an 
image, and resolution is determined by the optics of the microscope objectives14.  Raman 
spectroscopy is used to detect the vibrational modes of a system by detecting shifts in the 
inelastic scattering of photons 15.  The Raman spectra provides a chemical fingerprint of the 
sample with each peak representing different chemical components of the system.  The major 
advantages of Raman confocal are that it is a label-free, non-destructive microscopy technique 
that does not require sample preparation prior to imaging14, and that the presence of water does 
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not hinder its applicability16.  A constraint of Confocal Raman microscopy is the long time 
required for acquiring images.    
Confocal Raman has been used to map and identify individual bacteria.  For example, the 
single cell spectra of a variety of staphylococcal species have been reported 17, and individual 
cells of three different species were mapped using cellular peaks from samples of planktonic 
bacteria 18.   
Characterizing the matrix materials of biofilms using Raman spectroscopy has also been 
of interest.  Raman spectroscopy has begun to be used to conduct a chemical analysis of biofilm 
matrix materials 19, 20.  Raman spectra of individual points where filamentous matrix materials 
were presumed to be located within a bright field image of a sample have been reported 20.  The 
Raman spectra of common polysaccharides and alginates have been reported to identify potential 
chemical peaks that may be present in biofilm matrix materials19.    
Mapping of biofilm-rich and water-rich regions of biofilms has been performed using 
confocal Raman microscopy, where the biomass is identified by a –CH3 stretching band at 2950 
cm-1 and water-rich regions were identified by the  –OH stretching vibration band at 3450 cm-1 
21,22.  Pseudomonas aeruginosa biofilms, which were five or more days old, were used in these 
studies, 21,22.  No cellular level resolution of the samples was achieved in these studies.     
In the present study, we use confocal Raman microscopy to map S. epidermidis biofilms 
at early (6 hour) and late (24 hour) growth times.  Specifically, we seek to answer the following 
questions: 1) Can we chemically identify and map biofilm microstructure using confocal Raman 
microscopy? 2) How do biofilm composition and heterogeneity affect the ability to map 
structures?   
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5.3 Materials and Methods 
5.3.1 Bacterial strains and growth conditions  
S. epidermidis RP62A obtained from American Type Culture Collection (ATCC 35984) 
was used as the model organism within our study.  Biofilms were grown in flow cells (IBI 
Scientific, Peosta, IA) with dimensions of 40 mm x 4 mm x 1 mm.  Flow cell experiments were 
performed in the manner reported in 23.  Briefly, S. epidermidis RP62A was cultured overnight in 
tryptic soy broth with 1% added glucose (TSBG) at 37°C.  A volume of 1 mL of overnight 
culture was diluted in 9 mL of TSBG.  The diluted culture was injected into the flow cell and 
incubated at 37°C without flow.  Growth media was then flowed through the flow cell at 0.5 
mL/min to induce a shear stress of 0.01 Pa along the wall of the flow cell for either 6 hours or 24 
hours to create biofilms of different thicknesses.    
 To obtain Raman spectra of the S. epidermidis RP62A, planktonic cells from an 
overnight culture were centrifuged at 10,000 g to create a bacterial pellet.  The supernatant was 
removed.  The remaining pellet was placed on a coverslip and imaged using the confocal Raman 
microscope.    
 We obtained the Raman spectra of purified polysaccharide intercellular adhesion (PIA).  
PIA was purified using the ethylenediaminetetraacetic acid (EDTA) protocol described by 24.  
Briefly, S. epidermidis RP62A flask-adherent biofilms were collected via centrifugation at 4500 
g for 25 minutes at 4°C.  The supernatant was discarded and the bacterial cell pellet was 
resuspended and washed in 100 mL DI water.  0.5 M EDTA was heated to 100°C and the 
bacterial cell pellet was added for 5 minutes to extract the PIA from the pellet.  The solution was 
centrifuged at 6000 g for 20 minutes and the supernatant containing the PIA was retained.  The 
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PIA was filter sterilized and concentrated using a Amicon Ultra-15, centrifugal filter with a 10 
kDa cut-off membrane (Millipore).  A droplet of the concentrated PIA solution was placed on a 
glass slide for confocal Raman imaging to obtain the Raman spectra of the PIA.      
5.3.2 Confocal Raman Microscopy Imaging and Analysis 
The confocal Raman microscopy was performed on a WITec alpha300R Confocal 
Raman Microscope equipped with a 20x objective (WITec, Ulm, Germany).  A 532 nm laser was 
used for obtaining the Raman spectra.  Spectra were acquired using an integration time of 0.5 
seconds per pixel.  Images were taken near the coverslip and in a 2D plane parallel to the 
coverslip.  Pixels were 500 nm x 500 nm and scans were 25-43 µm x 25-40 µm depending on the 
size of the biofilm features being imaged.   
Biomass-rich regions of the confocal Raman image were mapped using the –CH3 peak at 
2950 cm-1.  Basis analysis was performed using the method described in the WITec Project Data 
Evaluation Software User Manual, Chapter 6.  The basis analysis allows for an image to be 
generated by assigning weights to unique Raman spectra of different materials within the image.  
The basis spectra were obtained from a biomass-rich region where cells were located and a 
biomass-poor region where there were no cells.  An algorithm then fits spectra at each pixel with 
a linear combination of the two basis spectra using the least squares method.  The weights of 
these were then used to generate a new image that weights the scattering intensity of the 
biomass-rich regions and the biomass-poor regions.    
5.4 Results  
 Figure 5-1 reports the Raman spectra from the two primary components of S. epidermidis 
biofilms, cells and PIA, as well as the Raman spectra of a biofilm.  The cells and PIA are imaged 
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as baseline measurements, since the biofilm consists of both of these components.  Figure 5-1A 
shows that the signal from the biofilm spectra is low compared to the spectra of the cells and the 
PIA.  The concentration of the cells and PIA is much higher in the pure samples than it is at 
points within a biofilm.  The biofilm Raman signal is particularly low in the region from 800-
1800 cm-1.  Thus, as was done by Sandt et al. 21,22, we focused our analysis on the biofilm-rich 
and water rich regions of the image, which were indicated by the –CH3 and –OH peaks at 2950 
and 3450 cm-1, respectively.  The spectra for cells, PIA and a flow cell biofilm in the region from 
2500-4000 cm-1 are shown in Fig. 5-1B, while the spectra of the biofilm alone in this region is 
shown in Fig. 5-1C.       
 
Figure 5-1: (A) Typical Raman spectra of a S. epidermidis RP62A flow cell biofilm, PIA, and 
planktonic cells. (B) The –CH3 stretching band and –OH stretching band of a S. epidermidis RP62A 
flow cell biofilm, PIA, and planktonic cells.  (C) Typical –CH3 and –OH stretching bands from a 
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 When imaging flow cell biofilms, we found that the thickness of the biofilm impacted the 
ability to map the cells within the biofilm.  S. epidermidis biofilms grown for 24-hours have 
heterogeneous structure.  Bright field images that could be used to verify structures observed 
with Raman mapping could only be focused if there was contrast in the image due to pores 
within the biofilm.  We found that –CH3 mapping was clearer on thin sections of biofilm on the 
edge of an image where individual cells could be identified within the bright field image and 
biofilms were not more than a few cell layers thick, as shown in Fig. 5-2A and 5-2B.  However, 
cells within thicker regions of 24-hour biofilms, where cells were not clearly distinguishable 
using bright field microscopy and the biofilm visibly filled much of the 1 mm thick channel, 
were not clearly mapped using –CH3 mapping of the Raman signal, as seen in Fig. 5-2C and 5-
2D.   
 
Figure 5-2:  (A) Bright field image of biofilm region on the edge of a 24-hour biofilm. (B) Confocal 
Raman mapping of the –CH3 stretching band in the box on the image shown in panel A.  (C) Bright 
field image of a thick 24-hour biofilm imaged using confocal Raman (D) Confocal Raman mapping 
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We performed a basis analysis on spectra from thin biofilm samples grown for 6-hours 
(Fig. 5-3A) and the edge of a biofilm grown for 24-hours (Fig. 5-3F) to determine if a basis 
analysis would allow for clearer identification of the cells within the spectra.  We found that the 
basis analysis improved the visualization of the biomass contributions within a thin biofilm 
(compare Fig. 5-3B and 5-3C with Fig. 5-3D and 5-3E).  The basis analysis did not further 
improve the visualization of the biomass within the thicker S. epidermidis biofilm samples 
(compare Fig. 5-3G and 5-3H with Fig. 5-3I and 5-3J).        
5.5 Discussion 
 We found that the cellular microstructure of thin biofilms was more readily mapped in 
thin S. epidermidis biofilms than in thick S. epidermidis biofilms using confocal Raman 
microscopy.  Biofilms contain heterogeneous structures, and cellular level microstructural 
features were not identified clearly in confocal Raman microscopy images in thick samples.  We 
found that basis analysis can be used to further resolve structure of the biomass within thin S. 
epidermidis biofilms.  The basis analysis may not improve the cellular resolution of the cells in 
thick biofilms due to the presence of the matrix materials between the cells in these images.  
However, since the Raman spectra of the S. epidermidis biofilm had such a low signal and high 
amount of noise in the region where the peaks of the matrix materials are located (from 800-1800 
cm-1), we are not able to verify if this lack of cellular resolution is due to an increased presence 
of matrix materials or not.  
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Figure 5-3: (A) Bright field image of a 6-hour biofilm. (B) Typical biofilm Raman spectra from cells 
in panel A. (C) Raman mapping of the –CH3 stretching band within the box shown in panel A.   (D) 
Basis spectra of biofilm-rich and water-rich regions used in basis analysis.  (E) Raman mapping of 
the image shown in panel A using the weighted fits of biofilm-rich and water-rich regions at each 
pixel found through basis analysis. (F) Bright field image of a 24-hour biofilm. (G) Typical biofilm 
Raman spectra from cells in panel F. (H) Raman mapping of the –CH3 stretching band of the 
biofilm shown in panel F.  (I) Basis spectra of the biofilm-rich and water-rich regions used in basis 
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Previous studies have reported spectra of single cells18 or small cell clusters in thin 
samples20.  Confocal Raman has also been performed on biofilms that were 5 days or older 21,22.  
The bright field imaging as well as the Raman mapping in these images did not resolve cellular 
level structures in these older, more developed biofilms.  These biofilms grown for 5 days or 
longer were presumably very thick, which could have been the main limitation in visibly 
mapping the Raman spectra of the cells.  These studies did not indicate that sample thickness 
was a key limitation for mapping the cellular level microstructure of biofilms.   
Our work shows that biofilm thickness is a key parameter for both the mapping and 
verification of the mapping of cellular level structures.  This work indicates that future studies 
for label-free mapping of biofilm cellular level structures using confocal Raman microscopy 
should focus on problems related to thin biofilms or the early stages of biofilm development due 
to the limitations of Raman microscopy in mapping cellular level microstructure of thick 
biofilms.   
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Chapter 6  
Assessment of Interdisciplinary Learning in Graduate Elective 
Coursework††     . 
6.1 Abstract  
Because engineers are required to solve challenges at the interface of multiple disciplines, 
educational training to address problems that incorporate multiple disciplinary perspectives is 
increasingly important.  The number of interdisciplinary graduate programs has been increasing; 
however, little has been done to assess the effectiveness of the components of these programs, 
including interdisciplinary elective coursework.  Our purpose was to assess changes in 
interdisciplinary learning outcomes and interdisciplinary fluency of students throughout a single 
semester graduate interdisciplinary elective course.  We used a mixed-methods approach to 
assess changes in interdisciplinary learning.  We conducted three surveys to assess changes in 
student self-perception of interdisciplinary learning outcomes and coded language within open-
ended homework assignments to assess interdisciplinary fluency throughout the semester.  We  
                                                
††  This chapter is in preparation for publication by [E.J. Stewart, S.R. Daly, J.G. Younger, & M.J. 
Solomon].   
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found increases in student self-perception of learning outcomes related to recognizing 
disciplinary perspectives and teamwork skills as well as increases in the interdisciplinary fluency 
of students from the beginning to the end of the term.  We did not find changes in student self-
perception of learning outcomes related to interdisciplinary skills or reflective behavior.  This 
study found that a single semester interdisciplinary elective was able to increase interdisciplinary 
learning in the graduate classroom.  This work should be implemented in additional graduate 
courses to establish if similar increases in learning are achieved or if the methods should be 
further improved for assessing interdisciplinary learning.  The techniques used in this study 
could be used to assess the effectiveness of interdisciplinary curricular components within 
graduate programs beyond coursework as well.   
6.2 Introduction 
The need to create graduate students with interdisciplinary skillsets is increasingly 
necessary as research challenges become more complex and fall outside the disciplinary 
constructs of established fields.   Interdisciplinary skills are furthermore desired within academia, 
government and industry.  As a result, interdisciplinary graduate programs and interdisciplinary 
research funding are becoming more prevalent.  A search of the active research funding 
opportunities at the National Science Foundation (NSF) in December 2013 revealed that ~40% 
(166/416) of programs with active funding emphasize or encourage interdisciplinary work1.  
Many schools offer specific graduate degree programs with an emphasis on a particular 
interdisciplinary area or supplement single graduate degrees with training in an additional field 
of study through dual degree or certificate programs.  Some schools are internally supporting the 
expansion of interdisciplinary research by creating internal funding competitions for researchers 
who collaborate with other colleges or departments within the university.  One program that 
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specifically supported interdisciplinarity in graduate student training was the NSF’s Integrative 
Graduate Education Research Training (IGERT) Program to fund the training of graduate 
students.  In 2010, Borrego et al. analyzed 94 IGERT awards and found that 80% (75/94) of the 
programs proposed an interdisciplinary graduate course as a primary means to achieve 
interdisciplinary learning outcomes for students, other common components of interdisciplinary 
curriculum include seminars, retreats, and workshops2.   
Beyond new specific interdisciplinary funding opportunities or graduate programs, 
equipping engineering students with interdisciplinary skills creates students that are ready to 
solve problems in new or emerging fields where the understanding must extend beyond 
preexisting disciplinary boundaries—a valued skillset for engineers and scientists regardless of if 
they are enrolled in interdisciplinary graduate programs 3,4.  While faculty may agree that 
interdisciplinary training would help in approaching complex problems that involve many 
disciplines, much of the university is structured around specific departments, schools, and 
colleges, and faculty are seldom encouraged to develop pedagogies related to interdisciplinary 
learning 5.  Even in interdisciplinary graduate programs, the curriculum is framed around 
program level goals or requirements as opposed to assessable interdisciplinary metrics or specific 
student learning outcomes 2.  Little has been done to determine if interdisciplinary graduate 
elective courses or other curricular components impact the interdisciplinarity of students.  
Methods of assessing the impact of different aspects of interdisciplinary graduate programs are 
required to evaluate both the effectiveness and necessity of program components.   
The goal of our work was to develop and implement a strategy for assessing changes in 
interdisciplinary graduate student learning.  We applied our assessment method in a graduate 
elective course on a subject at the interface of microbiology and engineering to measure
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changes in student interdisciplinary learning.  We assessed student learning through monitoring 
changes in: a) student self-perception of learning outcomes as evaluated through three surveys, 
and b) student interdisciplinary fluency as measured through coding responses to open-ended 
homework assignments at different points during the course.  The course contained graduate 
students from chemical engineering, civil and environmental engineering, and microbiology and 
immunology.  The interdisciplinarity of the enrolled students within the course was compared to 
the general population within each of their departments to assess if enrolled students were 
representative of the student body within their respective programs.  Our research shows that in 
one semester, students readily incorporated concepts from multiple disciplines into written work 
and increased their teamwork skills and appreciation for different disciplines’ perspectives.  We 
also found that the course did not increase student self-perception of learning outcomes related to 
interdisciplinary skills or reflective behavior.  The tools and strategy for assessing student 
learning from this study can be further used to measure the effectiveness of other courses or 
interdisciplinary graduate curriculum components.   
6.3 Background 
6.3.1 Defining Interdisciplinarity  
Interdisciplinarity can be defined as a way of solving problems that integrate knowledge 
from two or more disciplines to provide a holistic understanding that would be unlikely using 
single methods or approaches alone 6, 7,8.  Some researchers distinguish multidisciplinarity and 
transdisiciplinarity from interdisciplinarity, where multidisciplinary is a less integrative 
combination of disciplines, and transdisciplinarity focuses on theories that transcend traditional 
disciplines7.  Here we do not distinguish interdisciplinarity from multidisciplinarity or 
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transdisciplinarity.  That is, as has been done previously, we define interdisciplinarity as 
behaviors which are interdisciplinary, multidisciplinary or transdisciplinary 7.   
6.3.2 Interdisciplinarity in Science and Engineering 
 In science and engineering, interdisciplinary problems are often approached by 
collaborative teams7.  As a result, scientists and engineers often operationalize interdisciplinarity 
as teamwork7.  Thus, much of the literature from engineering education related to 
interdisciplinarity has focused on interdisciplinary teams.  Research has been done to assess 
interdisciplinary identities5, self-efficacy 9, and communication, trust, and respect 10 within 
interdisciplinary engineering teams.  However, interdisciplinarity in science and engineering 
extends beyond teamwork, so we must consider aspects of interdisciplinarity beyond teamwork 
when assessing student learning.    
6.3.3 Interdisciplinary Learning in Science and Engineering Graduate Education 
Although research on graduate interdisciplinary learning is increasing, studies have 
predominately focused on the curriculum, or other program level assessments.  For example, 
research has found that interdisciplinary programs facilitating engagement through supporting 
diversity, participation, and interactive teaching and learning are well received by students 11.   
Research has also shown that semi-structured learning communities with a student-centered 
approach create opportunities that promote community building and research centered 
discussions12.  One key challenge to interdisciplinary research that has been identified through 
this educational research on semi-structured learning communities is differences in the 
terminology used by individuals from different disciplines 12.  Thus, interdisciplinary fluency is a 
key attribute of interdisciplinary learners.  Though these program level objectives creating 
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inclusive learning communities are important, they do not assess student learning within the 
program.     
There has been limited research on assessment and efficacy of interdisciplinary graduate 
coursework.  Available research on interdisciplinary graduate coursework has described the 
content of the course, or aspects of the course that could be considered as interdisciplinary 
components of a course.  For example, a nanotechnology course was described that included 
interdisciplinary group work, and assignments that were intentional about making students think 
about different disciplines13, and an interdisciplinary business course for science graduate 
students contained students from a variety of disciplines and considered student perceptions of 
the course14.  To our knowledge there has been no research to assess interdisciplinary learning 
outcomes and interdisciplinary fluency of students within an interdisciplinary graduate course or 
other curricular component of an interdisciplinary graduate program.   
6.3.4 Interdisciplinary Learning Outcomes for Graduate Education 
 Research has been done to distinguish elements of interdisciplinarity that can be assessed 
and in turn measured.  Categories of learning outcomes for assessing interdisciplinary graduate 
education have been identified as follows: grounding in traditional disciplines, integration and 
broad perspective, teamwork, interdisciplinary communication, and critical awareness 7.  In 
2011, Lattuca et al. assessed interdisciplinary learning in a large population of undergraduates 
through the use of a survey that evaluated four categories of learning outcomes related to 
interdisciplinarity: interdisciplinary skills, recognizing disciplinary perspectives, reflective 
behavior, and teamwork skills 8.  These four categories overlapped similarly with the learning 
outcomes identified as being key for assessing interdisciplinary graduate education in 7.  The 
learning outcome of interdisciplinary skills overlaps some with interdisciplinary communication.  
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Recognizing disciplinary perspectives relates to integration and broad perspective.  Reflective 
behavior relates to critical awareness, and teamwork skills align with teamwork.   However, in 
the learning outcomes for graduate education grounding in traditional disciplines was also 
emphasized.  Due to the similarity of the learning outcomes, this survey could be broadly used to 
assess interdisciplinary learning in elements of a graduate program.   
6.4 Research Design  
6.4.1 Research Questions  
In the current work, we develop and implement a strategy for assessing interdisciplinary 
learning in elective graduate coursework.  The context of our study is a graduate course in 
bacterial biofilms—a topic that is at the boundaries of microbiology and engineering.  Through 
our study, we specifically addressed the following research questions:  A) How does a single 
graduate elective course impact student interdisciplinary learning?  B) Does a graduate elective 
that is designed to be interdisciplinary change student self-perception of interdisciplinary 
learning outcomes? C) Do graduate students increase their usage of language from disciplines 
outside of their own and in turn their interdisciplinary fluency during a single semester elective 
course?  
6.4.2 Participants 
There were two populations of students that were involved in our study: the students 
enrolled in the graduate elective course on bacterial biofilms and the students from the home 
departments of the enrolled students.  We included the students from the home departments of 
the enrolled students to look at the interdisciplinarity of the enrolled students in comparison to 
the general populations within their home departments.   
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Students were recruited to enroll in the course by standard posting of the course 
description and through personal communications between the course faculty and graduate 
program directors within both the College of Engineering and the life science components of the 
Medical School, School of Public Health and College of Literature, Sciences, and Arts at the 
University of Michigan.  There were 11 students enrolled in the course from the following 
disciplines: chemical engineering, civil and environmental engineering, and microbiology and 
immunology.  There were also 3 students auditing the course that did not complete course 
assignments, but completed the surveys.  The demographics of the enrolled and auditing students 
are summarized in the first two columns of Table 6-1.   
Graduate students from chemical engineering, civil and environmental engineering, and 
microbiology and immunology were invited to participate in the survey used in the study.  There 
were 120 students in the chemical engineering graduate program, 68 students in the civil and 
environmental engineering program, and 43 students in the microbiology and immunology 
program at the time the survey was distributed.  This data is presented in the third column of 
Table 6-1.     
Administration of the surveys to the general population in chemical engineering, civil and 
environmental engineering, and microbiology and immunology and to the students within the 
course was IRB-approved.  Collection of the assignments from students that were coded for 
analysis was also IRB-approved.     
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Table 6-1: Student population by major.  This table is in preparation for publication by [E.J. 











Chemical Engineering 7 6 120 
Civil and Environmental Engineering 4 3 68 
Microbiology and Immunology 3 2 43 
*Four post-doctoral students audited the course and participated in surveys, but not course assignments.   
6.4.3 Course Description  
We used a graduate level elective course listed in the chemical engineering department as 
a pilot study to advance the understanding of interdisciplinary learning.  The course consisted of 
subject matter related to understanding bacterial biofilms, a topic at the interface of engineering 
and microbiology.  Bacterial biofilms are multicellular structures responsible for the 
contamination and failure of many engineered systems and also play a central role in infectious 
diseases for humans, animals, and plants.  In motivating the course, the instructors argued that 
advancing the understanding of bacterial biofilms in engineered and biological contexts benefits 
from knowledge of the physical forces and fluid dynamics of the growth environment as well as 
the genetic pathways that lead to the production of biofilm matrix materials.  Neither a traditional 
engineering view of the physics involved nor a life science view of the cell biology involved was 
argued to be sufficient for developing new strategies for mitigation and remediation of fouling by 
biofilms.   
The aim of the course was to provide students with skills to understand, analyze, and 
interpret research and technologies associated with bacterial biofilms that could be encountered 
in both research and industry.  Topics covered in the class included relevant fundamentals from 
microbiology, fluid dynamics, and material science.  In addition to the interdisciplinarity of the 
  108 
course content, the course instructors included elements to increase interdisciplinary exposure.  
The class was co-taught by a faculty member from the College of Engineering and a faculty 
member from the Medical School.  The course consisted of two segments.  The first segment 
(weeks 1-9) was made up of lectures and in-class problems, alternating between the two 
disciplinary perspectives, and the second segment (weeks 10-14) synthesized the understanding 
from the two disciplines through real world examples of the material highlighted by three 
external speakers as well as a required course project by each student.  Students were regularly 
encouraged to discuss topics within the course and ask questions.   
6.4.4 Timeline of data collection 
Survey data was collected three times from students within the bacterial biofilm class.  
Surveys were administered during weeks 1, 9, and 14.  Open-ended homework assignments used 
for assessing interdisciplinary fluency were given during weeks 4 and 14.  To ensure 
confidentiality of students, students were de-identified from their responses before presenting the 
data.  Additionally, any data used in the study from student coursework was analyzed after the 
course had concluded.  A schematic of the timeline of data collection during the course is shown 
in Figure 6-1.   
 
Figure 6-1: Timeline of course segments and student data sampling.  This figure is in preparation 
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6.4.5 Survey Data Collection and Analysis 
Students were invited to participate in an IRB-approved online survey via email to 
evaluate differences and similarities in student-perception of learning outcomes.  The surveys 
were administered to the students taking the class at the following three time points: (1) during 
the first week of class,  (2) at the conclusion of the lecture portion of the class (week 9), and (3) 
at the end of the semester (week 14).  The survey was administered to all graduate students in 
chemical engineering, civil and environmental engineering, and microbiology and immunology 
at one time point to enable assessment of the interdisciplinarity of the general population within 
each department.   
The survey was used to assess student self-perception of interdisciplinary learning and 
consisted of elements of an instrument created by Lattuca et al. in 20118.  This instrument was 
initially used in a study to assess student learning outcomes related to interdisciplinarity in a 
nationally representative sample population of undergraduate engineering students 8.  The survey 
contained questions associated with interdisciplinary learning outcomes to establish if students’ 
self-perception within any of four domains: interdisciplinary skills, recognizing disciplinary 
perspectives, reflective behavior or teamwork skills changed over the duration of the course.   
The interdisciplinary skills section of the survey included questions on the self-perceived 
extent that students do the following: value reading about topics outside of their field; enjoy 
thinking about how different fields approach problems; think about if problems have non-
technical solutions; seek information from experts in other fields; figure out ideas that are 
appropriate for solving a problem; see connections between ideas in their field and ideas in other 
fields; take ideas from outside of their field and synthesize them to solve a problem; and use 
ideas from another field to solve a new problem.  The recognizing disciplinary perspectives 
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domain includes questions on the extent students recognize the kinds of evidence that different 
fields rely on, identify the kinds of knowledge and ideas that are distinctive to different fields of 
study, and are good at figuring out what experts in different fields have missed in explaining a 
problem or proposing a solution.  Reflective behavior contains questions on the degree to which 
students stop to think about where they are going right or wrong with a problem solution, and 
step back to reflect on what they are thinking to determine whether they may be missing 
something.  Students also rated teamwork skills based on their self-perceived ability to do the 
following: work in teams of people with a variety of skills and backgrounds, work with others to 
accomplish group goals, work in teams where knowledge and ideas from multiple fields must be 
applied, work in teams that include people from fields outside of their field of study, and put 
aside differences within a design team to get work done.  These four subsets of questions had 
previously been correlated to interdisciplinarity 8.  The specific survey elements used in this 
study are found in Figure 6-2.      
Lattuca et al. developed the questions in each of these domains through a rigorous, two 
year process that included a thorough literature review, individual and focus-group interviews, 
and the use of the Cronbach’s α as the indicator of the internal consistency reliability of the four 
subsets of interdisciplinary questions (all Cronbach’s α values were greater than or equal to 0.69 
8).  The Cronbach’s α is a measure of how closely related a set of items are as a group and ranges 
from 0 to 1; values greater than 0.7 are considered to have good internal consistency.   
In the present study, survey items for interdisciplinary skill, recognizing disciplinary 
perspectives, reflective behavior, and teamwork were averaged across domain for each student.  
Baseline differences in these features were compared across student discipline (i.e., chemical 
engineering, civil and environmental engineering, and microbiology and immunology) using 
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one-way analysis of variance.  Clustering between student types was further compared with 
principal component analysis.  Changes in features over time were examined using linear mixed 
effects models assuming that the three survey times (baseline, mid-semester, final) were equally 
spaced in time and that any changes over time in student characteristics were linear.  The mixed 
effects model included survey time point and student type and used student identity as the 
random, repeated effect.  Analysis was performed using the base and NLME packages in R 
2.13.2 15, 16.    
Do you agree or disagree with the following statements?  
(1: Strongly disagree; 2: Disagree; 3: Neither agree nor disagree; 4: Agree; 5: Strongly agree) 
Interdisciplinary Skills  
1. I value reading about topics outside of my major field of study. 
2. I enjoy thinking about how different fields approach the same problem in different ways. 
3. Not all problems have purely technical solutions. 
4. In solving problems, I often seek information from experts in other academic fields. 
5. Given knowledge and ideas from different fields, I can figure out what is appropriate for solving a problem. 
6. I see connections between ideas in my field of study and ideas in the humanities and social sciences. 
7. I can take ideas from outside my field of study and synthesize them in ways to better understand a problem. 
8. I can use what I have learned in one field in another setting or to solve a new problem. 
Recognizing Disciplinary Perspectives  
1. I recognize the kinds of evidence that different fields of study rely on. 
2. If asked, I could identify the kinds of knowledge and ideas that are distinctive to different fields of study. 
3. I'm good at figuring out what experts in different fields have missed in explaining a problem or proposing a 
solution 
 Reflective Behavior  
1. I frequently stop to think about where I might be going wrong or right with a problem solution. 
2. I often step back and reflect on what I am thinking to determine whether I might be missing something. 
Teamwork Skills  
Please rate your ability to:   
(1: Weak/None; 2: Fair; 3: Good; 4: Very good; 5: Excellent) 
1. Work in teams of people with a variety of skills and backgrounds. 
2. Work with others to accomplish group goals. 
3. Work in teams where knowledge and ideas from multiple fields must be applied. 
4. Work in teams that include people from fields outside your field of study. 
5. Put aside differences within a design team to get the work done. 
 
Figure 6-2: Survey elements sub-divided by category of the interdisciplinary learning outcome.  
This figure is in preparation for publication by [E.J. Stewart, S.R. Daly, J.G. Younger, & M.J. 
Solomon].   
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6.4.6 Qualitative Data Collection and Analysis 
We coded responses from two open-ended homework assignments collected during the 
term.  The open-ended questions used were designed such that they could be graded as correct 
regardless of if the student provided a response grounded in engineering or a response grounded 
in microbiology.   
The first assignment we coded was from the first segment of the course and on the topic 
of bacterial interactions and adhesions.  The problem statement was: “Using what you have 
learned from this course, the literature, and/or prior knowledge, please explain how bacteria 
adhere to a surface”.  The problem could be answered with a response related to physical 
interactions between bacteria and the environment such as electrostatic or van der Waals 
interactions and/or with a response related to specific microbiological behaviors of the bacteria 
such as the production of matrix materials or quorum sensing molecules.  Thus, words could be 
pulled from the assignment and coded as engineering or microbiology terms.  Analysis of the 
number of engineering and microbiology codes could then be used to determine if the content 
related primarily to engineering or microbiology.  If a word could be coded as engineering or 
microbiology it was included in the count for both categories.     
The second coded assignment was a peer reflection on two of the oral course project 
presentations.  For the course project presentations, three students worked independently and 
eight students worked in groups of two.  Thus, three presentations were presented individually 
and four presentations were presented in pairs.  Presentation topics were selected based on 
student interests and summarized in Table 6-2.  In the peer reflection on the projects, the students 
were asked to describe the project, and propose an idea that could be used to extend the project.  
We coded the assignment in two ways.  First, we coded the descriptions of the two projects 
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chosen for the assignment.  We determined if the language used to describe each of the projects 
was predominantly related to engineering, microbiology or at the interface of the two for each 
assignment.  Second, we coded the ideas students had to extend or continue projects that had 
been presented by their peers.  We determined if the language used to describe the new ideas was 
interdisciplinary or related mainly to engineering or microbiology. 
Table 6-2: Summary of project topics and group compositions.  This table is in preparation for 
publication by [E.J. Stewart, S.R. Daly, J.G. Younger, & M.J. Solomon].   
Project Title Group Composition Discipline of Project Topic 
Forces governing motion, adhesion, and 
clearance of rod-shaped bacteria 1 ChE student Engineering 
DLVO analysis of the effect of surface 
material, geometry, and roughness on 
bacterial adhesion 
1 ChE student Engineering 
COMSOL simulation of bacteria absorbing 
in a biofilm 1 ChE student & 1 CEE student Engineering 
Proteins in biofilms: a brief look at the 
biofilm-associated protein 
1 Microbiology & Immunology 
student Microbiology 
Prevention and treatment of dental plaque 1 ChE student & 1 Microbiology 
& Immunology Student Microbiology 
Biofilm formation by methanotrophs 2 CEE students Microbiology 
An enhanced wastewater treatment system: 
optimizing cellulose digestion using 
ruminant fungi 
2 ChE students Interdisciplinary 
 
We coded the assignments using grounded theory, where patterns and theory are 
grounded in observation and developed from the data collected.  We began coding by performing 
open coding, where the whole body of data was read and words that captured key concepts were 
highlighted 17, 18, 19.  The highlighted concepts focused on clearly observable characteristics of 
the student responses 20.  We then used axial coding to reanalyze the results of the open coding 
and label general concepts or categories that were reflective of one or more of the initially 
identified key concepts 17, 19.  Finally, we used selective coding to link the open and axial codes 
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to central concepts or phenomena 17, 19.  In our case, the central concepts were trends in the 
responses related to engineering, microbiology, or the interdisciplinary intersection of the two 
fields.  The coding process was iterated and student assignments were reread until no new codes 
emerged from the data21.   
After words were coded for each assignment, the number of words coded as engineering 
and microbiology were tabulated separately.  A ratio of the number of engineering codes to the 
number of microbiology codes was then computed.  If the ratio of engineering codes to 
microbiology codes was greater than 1.5, the assignment was labeled as engineering.  If the ratio 
was less than 0.5 the assignment was labeled as microbiology.  If the ratio was between 0.5 and 
1.5, the assignment was considered interdisciplinary.  
A single coder coded all assignments and a second coder coded approximately 50% of 
the assignments.  Both coders performed open coding on the assignments and computed the ratio 
of engineering codes to microbiology codes for each assignment.  Reliability of the coding 
scheme was verified through comparing if assignments were labeled as engineering, 
microbiology, or interdisciplinary responses by both coders.  If the categories of the responses 
(primarily engineering, primarily microbiology, or interdisciplinary) were the same for both 
coders then agreement was reached.  Based on initial coding of the two assignments, coders 
reached agreement on codes for 83% of the responses.  For the cases where coders disagreed, 
they settled discrepancies by mutual agreement until 100% of the responses were agreed upon.    
As an example, a summary of the engineering and microbiology codes assigned for the first 
coded assignment is in Table 6-3.   
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After an assignment was determined to be engineering, microbiology, or 
interdisciplinary, the coded result was compared to the discipline of the student whose response 
had been coded.  This comparison was used to assess if students were responding with language 
that was mainly related to their home discipline, at the interface of engineering and microbiology 
or that extended outside of their home discipline.  
6.5 Findings 
6.5.1 Survey Analysis 
We surveyed the graduate student body within chemical engineering, civil and 
environmental engineering, and microbiology and immunology to determine a baseline of 
student self-perception of interdisciplinary learning outcomes in four categories: interdisciplinary 
skills, recognizing disciplinary perspectives, reflective behavior and teamwork.  We received a 
35% (42/120) response rate in chemical engineering, a 35% (24/68) response rate in civil and 
environmental engineering, and 40% (17/43) response rate in microbiology and immunology.  
Clustering within students from the same graduate program was analyzed using principle 
component analysis.  The features that loaded most heavily into the two principle components 
were teamwork (component 1) and recognizing disciplinary perspectives (component 2).  No 
significant clustering of students was found, indicating that the students at the baseline responded 
very similarly across disciplines, as shown by Figure 6-3.   
For students within the course, we received 100% (14/14) response rate.  We found that 
at the beginning of the course students enrolled in the course were no more or less 
interdisciplinary than the students within each of their respective departments, as plotted in 
Figure 6-3.  Because the students in the course were no different than the average population 
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within their respective departments, the students enrolled in the course can be considered 
representative of the general student population.   
Table 6-3: Summary of codes for assignment 1.  This table is in preparation for publication by [E.J. 
Stewart, S.R. Daly, J.G. Younger, & M.J. Solomon].   
Central Concept Coded words 
Engineering  a. Physical interaction 
i. van der Waals 
ii. Electrostatics/charge 
iii. Refractive Index 
iv. Gravity 
v. DLVO 
vi. Brownian motion 
vii. Cell-cell interaction 
viii. Surface charge 
ix. Surface roughness 
x. Depletion 
xi. Forces 
xii. Potential energy 
xiii. Hydrophobicity/ Hydrophobic/ Hydrophilic  
xiv. Hydrogen bonding 
xv. Steric effects 
xvi. Osmotic interactions 
xvii. Bacterial size 
xviii. Solvent properties 
b. Covalent bonding 
c. Fluid Dynamics 
i. Convection 
d. Motility* 
i. Random Walk 
ii. Swimming  
iii. Swarming 
Microbiology  a. Matrix Materials  
i. Polysaccharides 
ii. Secreted polymers 






ix. Components of clotting cascade 
b. Nutrient-limited environment 
c. Quorum Sensing 
d. Gene Expression 
e. Other adhesive organelles Pili, curli, and fimbriae 
f. Motility* 
*Motility was coded as both engineering and microbiology.  Coding depended on the use within the assignment.   
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We compared the baseline averages within each of the four categories from each 
department and determined that there were no significant differences in the baseline averages 
across student type as indicated by p > 0.05 between student group averages in all four categories 
of interdisciplinarity.  The baseline data are tabulated in Table 6-4.   
 
Figure 6-3: Principal component analysis of baseline interdisciplinary features in general and 
course populations within each department. Principal component analysis of student features shows 
that students in general were very similar across discipline, and no significant clustering was 
observed in the general population or the course population.  Principal component 1 was teamwork 
and principal component 2 was recognizing disciplinary perspectives.  This figure is in preparation 
for publication by [E.J. Stewart, S.R. Daly, J.G. Younger, & M.J. Solomon].   
 
Through considering the shift in each of the four interdisciplinary features with time, we 
found that student self-perception of recognizing disciplinary perspectives (p = 0.04) and 
teamwork skills (p = 0.03) increased over the course of the semester for all student groups. 













Civil & Environmental Engineering (Gen. Pop.)
Microbiology & Immunology  (Gen. Pop.)
Chemical Engineering  (Gen. Pop.)
Civil & Environmental Engineering (Course Students)
Microbiology & Immunology (Course Students)
Chemical Engineering (Course Students)
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However, there was no significant increase in student self-perception of their interdisciplinary 
skills or reflective behavior, as shown in Figure 6-4.   
Table 6-4: Baseline interdisciplinary features of students from the graduate elective course.  This 























3.0 (2.4, 3.6) 3.5 (3.3, 3.7) 3.0 (2.7, 3.5) 0.53 
Reflective behavior 
 
4.0 (4.4, 4.5) 4.0 (3.8, 4.5) 3.5 (3.3, 3.8) 0.25 
Teamwork skills 
 
3.1 (2.8, 4.2) 3.4 (3.1, 3.6) 3.8 (2.9, 3.9) 0.97 
* Presented as median and interquartile range.   
 
6.5.2 Analysis of Coded Assignments  
In addition to surveying students, we coded responses from two assignments during the 
semester.  The first assignment was from the fourth week of class during the lecture-based 
portion of the course and between the first and the second survey.  The second assignment was 
from the fourteenth week of the course after the project presentations, and between the second 
and the third survey.   
We found that the majority of students did not have interdisciplinary fluency at the 
beginning of the course.   Only 27% (3/11) of students gave responses that were labeled as either 
interdisciplinary or to a field outside of their own, while 73% (8/11) of students provided 
responses where the majority of the response was grounded in their primary discipline.  
However, 82% (9/11) of students began using some language from outside of their field to 
answer the question.  18% (2/11) of students, both of which were engineers, used information 
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solely from their field.  64% (7/11) of students gave responses related to engineering, 18% (2/11) 
of students gave responses related predominantly to biology, and 18% (2/11) of students gave 
interdisciplinary responses. These findings are reported in the first column of Table 6-5.      
 
Figure 6-4: Changes in student characteristics over the course of the semester.  Increases were seen 
over the semester in recognizing disciplinary perspectives and teamwork skills, both of which were 
statistically significant using linear mixed effects modeling.  In no domain was student discipline 
statistically related to interdisciplinary skills or reflective behavior (p > 0.05 for each).  Data 
expressed as mean (bold line) and upper and lower quartiles (dashed lines).  This figure is in 
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Table 6-5: Interdisciplinary fluency in students at beginning and end of the course.  This table is in 
preparation for publication by [E.J. Stewart, S.R. Daly, J.G. Younger, & M.J. Solomon].   
 
Coded Assignment 1 
(Bacterial adhesion) 
Coded Assignment 2 
(Project peer-reflection) 
Response was either interdisciplinary or 
predominantly outside of discipline 27% (3/11 students) 64% (7/11 students) 
Majority of response was grounded in major 
discipline 73% (8/11 students) 36% (4/11 students) 
 
For the second coded assignment, the first portion of the assignment involved describing 
two of the seven oral project presentations that were given by students.  In the project 
descriptions, 82% (9/11) of students used language predominantly relating to both engineering 
and microbiology or language from a discipline outside of their own to describe at least one 
project, indicating interdisciplinary responses to the assignment from the majority of the class 
when describing project presentations.   
The second part of the assignment was to propose two ideas that extended upon the 
content of the project presentation.  The responses to the second part of the assignment revealed 
that 64% (7/11) of students proposed at least one project extension labeled as interdisciplinary or 
outside of their discipline.  However, since each student proposed 2 projects, only 41% (9/22) of 
all proposed project extensions involved ideas outside of the student’s discipline.  The results 
from both portions of the assignment reveal increases in interdisciplinary fluency within the 
student population when compared to the beginning of the semester.  Thus, at least 64% (7/11) of 
students and possibly 82% (9/11) of students have achieved interdisciplinary fluency by the 
second half of the course, as assessed through coding the responses to the second open-ended 
homework assignment.  These findings are reported in the second column of Table 5.     
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6.6 Discussion 
By means of this research, we assessed increases in interdisciplinary learning that 
occurred in a graduate elective course on bacterial biofilms that was designed and offered with 
the intent of increasing interdisciplinary learning at the boundary of engineering and 
microbiology.  The initial responses to survey questions were very similar across disciplines for 
all students in the course as well as the student population of the home departments of the 
enrolled students.  Even though there were no significant differences between participants and 
the general population at baseline, there were still statistically significant changes in 
interdisciplinarity by the end of the course relative to that baseline.  
When the survey data was analyzed with respect to time, the only categories of 
interdisciplinarity with significant increases were the dimensions of recognizing disciplinary 
perspectives and of teamwork.  Categories not showing significant increases were 
interdisciplinary skills and reflective behavior.  Interestingly, the categories with significant 
increases were the same features that loaded heavily into the two principle components.  These 
areas also related to the categories of key learning outcomes for interdisciplinary learning 7.  
Additionally, it is of interest that teamwork skills improved, since teamwork is often the means 
that scientists and engineers use to operationalize interdisciplinary work 7.    
Interdisciplinary gains were made in the course as assessed through coding of 
assignments. Based on the assignment coded from the first half of the class only 27% of students 
gave interdisciplinary responses, while 64% of students gave interdisciplinary responses in the 
second half of the course.  Since the population was only 11 students for this portion of the 
study, this was a gain of 36%, or rather four students, who were responding in an 
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interdisciplinary manner.  Thus interdisciplinary gains were made, but there are still four 
students (36% of the class) that are not making these gains.  
This work contributes to advancing the understanding and assessment of student learning 
in graduate education.  It serves as a model for tracking changes in interdisciplinarity.  It shows 
that a course intentionally designed to promote interdisciplinarity, with many attributes that 
would be commonly considered to promote interdisciplinarity, such as students drawn from 
multiple disciplines, instructors with different disciplinary perspectives, and assignments 
designed to promote collaboration across disciplines, yields gains in common measures of 
student interdisciplinarity.  
6.6.1 Limitations and Future Work 
The sample size for surveys of students in the course was 14, while the sample size for 
the coded assignments was 11 students.  Though these students were determined to be similar to 
the general population within each of their respective departments, the sample size is still low.  
Determining if the findings from this single classroom of students hold true within classes with 
larger numbers of students as well as in different interdisciplinary classes is necessary to show if 
this approach for assessing interdisciplinary learning is appropriate in other contexts.  However, 
this study does offer a preliminary look at the impact of a graduate elective course on 
interdisciplinary student learning.   
Additionally, students in our course were not enrolled in an interdisciplinary program.  
Enrollment in an interdisciplinary program could impact the baseline interdisciplinarity of 
students.  Students enrolled in the bacterial biofilm course may have taken the course because 
they were in need of an elective, interested in the particular course content, or because students 
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were from the research group or department of the instructors.  Though we did observe increases 
in interdisciplinarity, the motivation and interests of the students within the course could impact 
the degree to which increases in interdisciplinary learning occur.  Thus, performing similar 
research with a population of students enrolled in an interdisciplinary program may be valuable 
and could show how student motivation to transcend disciplines impacts their interdisciplinary 
learning.  
Other metrics for assessing interdisciplinary learning could be developed.  The students 
in the course may have been more interdisciplinary at the end of the course than the metrics were 
capable of assessing.  For example, the survey instrument that was used was developed to assess 
interdisciplinary learning in a large population of undergraduate students.  The survey may need 
to be changed further to fully assess interdisciplinary learning at the graduate level or within a 
smaller population of students.     
In terms of assessing fluency, the specific questions that are asked could contribute to the 
degree of fluency that is evaluated through the coding.  Open-ended questions that can be graded 
correctly with language from multiple disciplines may not be readily available for some 
interdisciplinary coursework, so other strategies may be necessary for assessing interdisciplinary 
fluency.   
Expanding this study to multiple courses to see if the results from other courses are in 
agreement with our findings would allow for a more general understanding of the extent to 
which interdisciplinary courses are successful at creating interdisciplinary learners.  
Additionally, an investigation of the effect of using different methods to cover course material on 
interdisciplinary learning such as traditional lectures, commonly accepted methods that aim to 
  124 
promote interdisciplinarity, or newly developed methods for interdisciplinary learning would be 
an excellent expansion of this study.  Perhaps course instructors from multiple disciplines, 
bringing in external speakers or having project presentations, or some other component of the 
education experience is the most important aspect of interdisciplinary learning within the class 
we studied.  Controlling the different elements within a course that is taught routinely or 
studying different courses that are taught using different techniques may yield an understanding 
of which components are critical for informing interdisciplinary learning.  Furthermore, there is 
space to investigate differences between student learning in interdisciplinary courses and non-
interdisciplinary courses with students from a variety of different majors.   
This work served as the initial step for assessing interdisciplinary learning within 
graduate elective coursework.  This strategy for measuring interdisciplinary learning could be 
easily translated to other common components of interdisciplinary programs, such as seminars, 
retreats, or workshops as well.   
6.6.2 Implications  
This research shows that a course with a student population from a variety of 
backgrounds, two course instructors, external speakers, and oral project presentations was able to 
increase interdisciplinary student learning.  These elements specifically increased students ability 
to recognize kinds of evidence other fields rely on and identify the kinds of knowledge that are 
distinctive to different fields.  These increases in recognizing disciplinary perspectives may have 
been related to the diversity of the students within the course, the different disciplines of the 
course instructors or the external speakers from different fields.  The increases in teamwork 
skills could have been due to some students working in teams for their group projects or the 
relationship of the course instructors who frequently used examples from research that was 
  125 
conducted collaboratively between the instructors.  Fluency may have been increased due to both 
the content taught in the course as well as the questions asked by other students within the class 
with different backgrounds.  Thus, the interdisciplinary elements of the course may have 
impacted the specific increases in interdisciplinarity that were observed, so these elements could 
be used to increase recognition of disciplinary perspectives, teamwork skills, and 
interdisciplinary fluency.   
There are implications for improving the course related to the two categories that didn’t 
change.  To increase the number of opportunities for student reflection on interdisciplinary 
learning during the course, the instructors could add course content that is related to problem 
solving in situations that are at disciplinary boundaries.  This would allow students more 
opportunities to stop and think about where they may be going wrong or reflect on areas where 
they may be missing something.  Additionally, the instructors could be more intentional about 
including opportunities to enhance interdisciplinary skills.  Specifically, instructors could have 
included readings that emphasized microbiological or engineering approaches to familiarize 
students with reading about topics outside of their field.  Assignments where students were 
specifically told to integrate ideas from other fields and synthesize the information from both 
fields may have resulted in improvement in this interdisciplinary skill; a similar approach for 
creating opportunities for students to integrate ideas from multiple fields was taken in an 
interdisciplinary nanotechnology course13.  Beyond these suggestions, achieving increases in 
student reflection and interdisciplinary skills may require non-course methods or longer time 
horizons.   
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6.7 Conclusions 
 This study found that increases in student interdisciplinary learning occurred in a 
graduate elective designed to promote interdisciplinarity, particularly in learning outcomes 
related to recognizing disciplinary perspectives and teamwork skills.  Additionally, fluency 
increased across disciplinary boundaries during a single semester interdisciplinary elective 
course on bacterial biofilms.  These increases in interdisciplinarity were measured using a 
mixed-methods approach including surveys and coding of language within open-ended 
assignments.  This study served as a pilot study for this mixed-methods technique for assessing 
interdisciplinarity in graduate coursework.  We hope that this work will be used as a basis for 
studying other interdisciplinary curricular components in the future.  
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Chapter 7  
Conclusions and Future Work       . 
The overall goal of this dissertation was to determine the microstructural behavior of S. 
epidermidis biofilms in unstressed and stressed growth environments and apply this knowledge 
to investigate the role of self-assembly in determining biofilm mechanics, the structural changes 
that occur in multispecies Staphylococcal biofilms, and the effectiveness of label-free methods 
for imaging S. epidermidis biofilm microstructure.  
In Chapter 2, we presented the effect of environmental stressors of NaCl and sub-lethal 
vancomycin on biofilm microstructure within flow cell grown biofilms.  In unstressed and 
stressed growth environments, we found that biofilms achieved heterogeneous microstructures.  
In unstressed biofilms, bacteria formed low, medium and high cellular density biofilms, while in 
stressed conditions only low and medium density biofilms are formed.  High cellular density 
bacterial biofilms have densely-packed, disordered microstructures.  Low cellular density 
biofilms have open, tenuous structures.  All biofilms contain clustering on length scales < 1 µm, 
which is a residual effect from cell division.   
This work has been used to inform the development of a model of biofilm mechanics and 
fracture in fluid flow 1.  Additionally, it provided a metric for enhancing the understanding of 
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polysaccharide behavior 2.  This work could be further extended to investigate the microstructure 
of similar bacterial species, such as S. aureus, in various growth environments to determine if  
these findings hold true in other species of bacteria.  Variations in microstructure with growth 
environment could also be probed in communities of rod-shaped bacteria, such as Pseudomonas 
aeruginosa or Bacillus subtilis.      
In Chapter 3, we used the work on S. epidermidis biofilm microstructure from Chapter 2 
to inform the development of bacterial-chitosan constructs with high- and low-density 
microstructures similar to those of naturally occurring S. epidermidis bacterial biofilms and 
mechanical properties that matched those of S. epidermidis biofilms.  The construct mechanics 
matched natural biofilm mechanics at pH > 7, but were mobile at pH < 7.  Chitosan is unstable at 
pH > 7.  We compared the pH instability of chitosan with that of S. epidermidis biofilm matrix 
materials.  Matrix materials were unstable at pH < 7.  Based on the reverse behavior of these 
polysaccharides, we predicted that naturally occurring biofilms would become more mobile at 
pH > 7.  We found that the material properties S. epidermidis biofilms softened after increasing 
the pH > 7.  We applied this understanding to S. aureus biofilms and found that at pH > 7, S. 
aureus biofilms also softened. 
 Polysaccharide behavior in growth media should be modeled to determine the instability 
behavior of the chitosan and matrix materials in these various pH conditions.  Computational 
modeling of the polysaccharide may reveal the mechanism of this instability.  Additionally, it 
would be interesting to investigate the dependence of biofilm microstructure and mechanical 
behavior on natural pH gradients within a biofilm.  To probe this a pH indicator could be used to 
identify regions of various pH values and then the microstructure and mechanics could be 
investigated using CLSM coupled with image processing in regions with different pH values.  
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In Chapter 4, we extended our understanding of S. epidermidis microstructure through 
investigating the structure of S. epidermidis and S. aureus in multispecies biofilms grown in 
various environmental conditions.  We found that S. aureus dominates growth in multispecies 
biofilms grown in unstressed growth conditions of 37°C and pH 7.  S. aureus also dominated 
growth high pH (8 and 9) as well as at high temperature (45°C).  S. epidermidis biofilms 
dominated growth at low pH (5) and low concentrations of vancomycin (1.0 µg/mL).       
This work could be furthered through investigating multispecies growth on different 
substrate materials.  It has been found that S. aureus more readily colonizes metal surfaces and S. 
epidermidis more readily colonizes polymer surfaces 3.  Thus, it would be interesting to see if 
this behavior would shift when a second species of bacteria is present.  Also, additional species 
of bacteria could be added to the multispecies community to see how the structural behavior of 
the multispecies community shifts.  One could also add an additional virulent pathogen or a 
species that could be used as a probiotic treatment method, such as Lactobacillus acidophilus as 
suggested in 4.     
In Chapter 5, we considered the label-free imaging of S. epidermidis biofilms using 
confocal Raman microscopy.  We found that biofilm thickness impacted the ability to map 
cellular level structures of the bacteria using the chemical spectra of their biomass.  This work 
could be extended by determining if thin samples are required for probing label-free cellular 
microstructure of other bacterial species, particularly species of bacteria that are 
electrochemically active, such as Geobater, since Cyt c—a ubiquitous component of extracellular 
electron transfer reactions in these bacteria—has a distinct and strong Raman signal5.  One could 
also look at variations in the initial development of biofilms using confocal Raman microscopy, 
since biofilms in the initial stages of development are thin.   
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Finally, in Chapter 6 we used a course on bacterial biofilms to assess interdisciplinary 
learning within graduate students from chemical engineering, civil and environmental 
engineering, and microbiology and immunology.  We found that students increased their self-
perception of learning outcomes related to recognizing disciplinary perspectives and teamwork 
skills over the duration of a semester long course.  Student interdisciplinary fluency also 
increased from the beginning to the end of the semester.  We did not find significant changes in 
the areas of interdisciplinary skills or reflective behavior.  This work served as a pilot study for 
assessing interdisciplinary learning in a graduate elective course.  This work could be furthered 
though applying this method of assessing interdisciplinary learning to other interdisciplinary 
coursework or other programming intended to promote interdisciplinary learning such as 
seminars or workshops.        
Overall, this dissertation has introduced a colloidal view of biofilm microstructure to advance the 
understanding of Staphylococcal biofilm growth in unstressed and stressed growth environments.  
Ultimately, this work will aid in the understanding of the origins of the mechanical properties of 
biofilms.  This work can also be used to develop biofilm control strategies that could be used in 
clinical treatments of biofilms, or to create models of biofilm for understanding fundamental 
behaviors of biofilm mechanics and disassembly. 
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